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Chapter 1 
Systems of Measurement 


Conceptual Problems 


*1 * 
Determine the Concept The fundamental physical quantities in the SI system include 
mass, length, and time. Force, being the product of mass and acceleration, is not a 


fundamental quantity. | (c) is correct. 


2 e 
Picture the Problem We can express and simplify the ratio of m/s to m/s” to determine 


the final units. 


Express and simplify the ratio of m 
— 2 
2, m-s : 
m/s to m/s’: S_ = —"_ =s and | (d)is correct. 
m m:s 
s° 
3 ° 


Determine the Concept Consulting Table 1-1 we note that the prefix giga 


means 10°. | (c) is correct. 


4 ° 
Determine the Concept Consulting Table 1-1 we note that the prefix mega 


means 10°. | (d) is correct. | 


a5 ‘ 
Determine the Concept Consulting Table 1-1 we note that the prefix pico 


means 10°”. | (a) is correct. | 


6 ° 
Determine the Concept Counting from left to right and ignoring zeros to the left 

of the first nonzero digit, the last significant figure is the first digit that is in doubt. 
Applying this criterion, the three zeros after the decimal point are not significant figures, 
but the last zero is significant. Hence, there are four significant figures in this number. 


(c) is correct. 
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7 e 
Determine the Concept Counting from left to right, the last significant figure is 
the first digit that is in doubt. Applying this criterion, there are six significant 


figures in this number.| (e) is correct. 


8 e 
Determine the Concept The advantage is that the length measure is always with you. The 


disadvantage is that arm lengths are not uniform; if you wish to purchase a board of “two 
arm lengths” it may be longer or shorter than you wish, or else you may have to physically 
go to the lumberyard to use your own arm as a measure of length. 


9 ° 
(a) True. You cannot add "apples to oranges” or a length (distance traveled) to a volume 
(liters of milk). 


(5) False. The distance traveled is the product of speed (length/time) multiplied by the 
time of travel (time). 


(c) True. Multiplying by any conversion factor is equivalent to multiplying by 1. 
Doing so does not change the value of a quantity; it changes its units. 


Estimation and Approximation 


*1Q0 ee 

Picture the Problem Because @is small, we can approximate it by 6 ~ D/ry, 
provided that it is in radian measure. We can solve this relationship for the diameter of 
the moon. 


Express the moon’s diameter D in D=90r,, 
terms of the angle it subtends at the 
earth @and the earth-moon distance 


Ym: 

pn se acnons: = 0,524°x 2784 _ 9 00915 rad 
360° 

Substitute and evaluate D: D= (0.00915 rad)(384 Mm) 


=| 3.51x10°m 


*11 ee 
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Picture the Problem We’!] assume that the sun is made up entirely of hydrogen. Then we 


can relate the mass of the sun to the number of hydrogen atoms and the mass of each. 


Express the mass of the sun Mg as 
the product of the number of 


hydrogen atoms Ny and the mass of 


each atom My: 


Solve for Nu: 


Substitute numerical values and 


evaluate Nj: 


12 eo 


M,=NyMy 
M 

Nu = S 
M, 


1.99 x 10° kg = 
Ny = =} 1.19 10 
BS 67210 ~ kg 


Picture the Problem Let P represent the population of the United States, 7 the rate of 


consumption and N the number of aluminum cans used annually. The population of the 


United States is roughly 3x10° people. Let’s assume that, on average, each person drinks 


one can of soft drink every day. The mass of a soft-drink can is approximately 


1.8 x10~ kg. 


(a) Express the number of cans V 
used annually in terms of the daily 
rate of consumption of soft drinks + 
and the population P: 


Substitute numerical values and 
approximate N: 


(5) Express the total mass of 
aluminum used per year for soft 
drink cans © as a function of the 
number of cans consumed and the 
mass m per can: 


N =rPAt 


N= — (3 x 10° people) 
person -d 


x(1 y 965244) 
y 
~| 10" cans 


M=WNm 
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Substitute numerical values and M= (10% cans/y)(1.8 x 10° kg/can) 
(c) Express the value of the Value = ($1/ kg)M 
aluminum as the product of M and = ($1 /kg)(2 x 10° kg /y) 


the value at recycling centers: = $2 x 10°/y 


=| 2 billion dollars/y 


13. 
Picture the Problem We can estimate the number of words in Encyclopedia Britannica 
by counting the number of volumes, estimating the average number of pages per volume, 
estimating the number of words per page, and finding the product of these measurements 
and estimates. Doing so in Encyclopedia Britannica leads to an estimate of 
approximately 200 million for the number of words. If we assume an average word 
length of five letters, then our estimate of the number of letters in Encyclopedia 
Britannica becomes 10”. 


(a) ars the area available for one No? = a FP shted ihedianisienorihe 
letter s“ and the number of letters NV 4 
to be written on the pinhead to the pinhead. 


area of the pinhead: 


Solve for s to obtain: md * 


Substitute numerical values and 
evaluate s: 


(6) Express the number of atoms per S 


letter n in terms of s and the atomic d 


atomic 


spacing in a metal datomic: 


Substitute numerical values and 10°m 


n= = =| 20 atoms 
evaluate n: 5x10 atoms/m 


*14 ee 
Picture the Problem The population of the United States is roughly 3 x 10° people. 
Assuming that the average family has four people, with an average of two cars per 
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family, there are about 1.5 x 10° cars in the United States. If we double that number to 
include trucks, cabs, etc., we have 3 x 10° vehicles. Let’s assume that each vehicle uses, 
on average, about 12 gallons of gasoline per week. 


(a) Find the daily consumption of G= (310° vehicles)(2 gal/d) 
gasoline G: = 6x10° gal/d 

Assuming a price per gallon C=GP= (6 x 10° gal/d)($1.50/ gal) 
gasoline: 

(b) Relate the number of barrels V N= xy = GAt 

of crude oil required annually to the n n 

yearly consumption of gasoline Y 

and the number of gallons of 

gasoline n that can be made from 

one barrel of crude oil: 

Substitute numerical values and ae (6x10° gal/d) (365.24 d/y) 
estimate NV: 19.4 gal/barrel 


Q 


10"° barrels/y 


15 « 
Picture the Problem We’|] assume a population of 300 million (fairly accurate as of 
September, 2002) and a life expectancy of 76 y. We’ll also assume that a diaper has a 
volume of about half a liter. In (c) we’ll assume the disposal site is a rectangular hole in 
the ground and use the formula for the volume of such an opening to estimate the surface 
area required. 


(a) Express the total number WN of N=nD 
disposable diapers used in the 

United States per year in terms of 

the number of children n in diapers 

and the number of diapers D used 

by each child in 2.5 y: 


Use the daily consumption, the Re 3diapers 365.24d Sy 
number of days in a year, and the d 
estimated length of time a child is in ~3x10° diapers/child 


diapers to estimate the number of 
diapers D required per child: 
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Use th d lif t t ee : 
=f e assumed life pi uee ancy e i Sy (300 x 10° children) 
estimate the number of children n in 
aeper ~10’ children 
Substitute to obtain: N= (107 children) 
x (3 x 10° diapers/child) 
=| 3 x 10" diapers | 
(b) Express the required landfill PIS edie 
volume V in terms of the volume of 
diapers to be buried: 
Substitute numerical values and V= (3 x 10" diapers \(0.5 L/diaper) 
evaluate V: ~/1.5 x10’ m? 
(c) Express the required volume in V = Ah 
terms of the volume of a rectangular 
parallelepiped: 
Solve and evaluate h: 1.5% 10’ m° 
olve and evaluate Hess x m =15x10°m 
h 10m 
Use a eouveni oe to express A245 KA Hes 1 mi? 
this area in square miles: 2.590 km? 
16 ecco 


Picture the Problem The number of bits that can be stored on the disk can be found 
from the product of the capacity of the disk and the number of bits per byte. In part (5) 
we’ll need to estimate (7) the number of bits required for the alphabet, (ii) the average 
number of letters per word, (iii) an average number of words per line, (iv) an average 
number of lines per page, and (v) a book length in pages. 


(a) Express the number of bits Nyits Nyits = Noytes (8 bits/byte) 


as a function of the number of bits _ (2 x 10° bytes)(8 bits/byte) 
per byte and the capacity of the hard 


= 10 LL: 
disk Mbytes: =| 1.60 x 10° bits 
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(b) Assume an average of 8 8 bits <8 characters _64 bits 
letters/word and 8 bits/character to character word word 
estimate the number of bytes _9 bytes 
required per word: word 
Assume 10 words/line and 60 600 words x8 bytes _ 4800 bytes 
lines/page: page word page 


Assume a book length of 300 pages 300pages x 4800 bytes =1.44.x10° bytes 


and approximate the number bytes page 
required: 
Divide the number of bytes per disk 2 x 10° bytes 


books ~ 


by our estimated number of bytes 1.44 x 10° bytes/book 


=| 1400 books 


required per book to obtain an 


estimate of the number of books the 
2-gigabyte hard disk can hold: 


*17 ee 

Picture the Problem Assume that, on average, four cars go through each toll station per 
minute. Let R represent the yearly revenue from the tolls. We can estimate the yearly 
revenue from the number of lanes N, the number of cars per minute n, and the $6 toll per 


car C. 
cars min h d $6 
R= NnC =14lanesx 4 x 60 x 24—~x 365.24— x — =| $177M 
min h d y car 
Units 
18 ° 


Picture the Problem We can use the metric prefixes listed in Table 1-1 and the 
abbreviations on page EP-1 to express each of these quantities. 


(a) (c) 

1,000,000 watts = 10° watts 3x10 meter =| 3am 
=| 1MW 

(d) (ad) 


0.002gram = 2 x 10° g =| 2mg 30,000 seconds = 30 x 10°s =| 30ks 
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19 ° 
Picture the Problem We can use the definitions of the metric prefixes listed in 
Table 1-1 to express each of these quantities without prefixes. 


(a) (c) 
40 uW = 40 x 10° W =| 0.000040 W 3MW =3~x 10° W =| 3,000,000 W 
(d) (a) 


4ns = 4x10°s =| 0.000000004s 25km = 25 x 10°m =| 25,000m 


*20 ° 
Picture the Problem We can use the definitions of the metric prefixes listed in 
Table 1-1 to express each of these quantities without abbreviations. 


(a) 10° boo =| 1picoboo (e) 10° phone =| 1megaphone 
(b) 10° low =| 1gigalow (f) 10 ° goat = 


(c) 10°° phone =| 1microphone (g) 10’* bull =| 1 terabull 


1 10°" boy = [Labo 


21 ee 
Picture the Problem We can determine the SI units of each term on the right-hand side 
of the equations from the units of the physical quantity on the left-hand side. 


(a) Because x is in meters, C, and C, isin m; C, is in m/s 


Cot must be in meters: 


(b) Because x is in meters, %2C,f? C, isin m/s” 
must be in meters: 


(c) Because v’ is in m’/s*, 2C,x must C, is in m/s? 
be in m’/s*: 
(d) The argument of trigonometric C, isin m; C, is in s | 


function must be dimensionless; i.e. 
without units. Therefore, because x 


is in meters: 


(e) The argument of an exponential 
function must be dimensionless; i.e. 
without units. Therefore, because v 
is in m/s: 


22 ee 


Systems of Measurement 9 


C, isin m/s; C, isins* 


Picture the Problem We can determine the US customary units of each term on the 


right-hand side of the equations from the units of the physical quantity on the left-hand 


side. 


(a) Because x is in feet, C, and Cot 
must be in feet: 


(b) Because x is in feet, 4C,/ must 
be in feet: 


(c) Because v’ is in ft?/s*, 2C,x must 
be in ft’/s: 


(d) The argument of trigonometric 
function must be dimensionless; i.e. 
without units. Therefore, because x 
is in feet: 


(e) The argument of an exponential 
function must be dimensionless; i.e. 
without units. Therefore, because v 
is in ft/s: 


Conversion of Units 


230° 


C, is in ft; C, is in ft/s 


C, isin ft/s? 


C, isin ft/s? 


C, isin ft;C, isins” 


C, is in ft/s; C, isins * 


Picture the Problem We can use the formula for the circumference of a circle to find the 


radius of the earth and the conversion factor 1 mi = 1.61 km to convert distances in meters 


into distances in miles. 


(a) The Pole-Equator distance is 
one-fourth of the circumference: 


c=|4x10’m 
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(5) Use the formula for the 


6.37 x 10°m 


circumference of a circle to obtain: In Qn 


(c) Use the conversion factors er | eer a . 1mi 
1 km = 1000 m and 1 mi = 1.61 km: 10°m_ 1.61km 


=| 2.48 x 10* mi 


and 


R=637K10 we ae 


3 x 
10°m_ 1.61km 


=| 3.96 x 10° mi 


24 e 
Picture the Problem We can use the conversion factor 1 mi = 1.61 km to convert 
speeds in km/h into mi/h. 


Find the speed of the plane in km/s: v = 2(340 m/s) = 680 m/s 
=| 680 | 4X™ | 36005 
s )\10°m h 
=| 2450km/h 
C rt v into mi/h: i 
onvert v into m1 ee 2450 <™ 1mi 
h /(1.61km 


-[1520mi 


*25 
Picture the Problem We'll first express his height in inches and then use the 
conversion factor 1 in = 2.54 cm. 


Express the player’s height into inches: L—6rs 121m 46 5in = 82.5in 

Convert / into cm: h =82.5inx 2.94cm =| 210cm 
; in 

26 


Picture the Problem We can use the conversion factors 1 mi = 1.61 km, 
1 in = 2.54 cm, and 1 m = 1.094 yd to complete these conversions. 
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(@) 100 <™ = 199 KM, 1M =| go, 
h h  1.61km h 
(b) s0en=t0emx—— 93 Gin 
2.54cm - 
() 100 yd = 100 ydx —"_ =[91.4m 
1.094 yd 
27 ° 


Picture the Problem We can use the conversion factor 1.609 km = 5280 ft to convert the 
length of the main span of the Golden Gate Bridge into kilometers. 


Convert 4200 ft into km: A200 ft — 4200 ft x “sa km -11.28km 


280ft 


*28 
Picture the Problem Let v be the speed of an object in mi/h. We can use the conversion 
factor 1 mi = 1.61 km to convert this speed to km/h. 


Multiply v mi/h by 1.61 km/mi to . mi _ r mi . 1.61km luo 


convert v to km/h: h h mi 


29 
Picture the Problem Use the conversion factors 1 h = 3600 s, 1.609 km = 1 mi, 
and 1 mi = 5280 ft to make these conversions. 


(a) 1.296 x 10° <™ = {4.296 x 10° <™ | 12) =] 36.02 
h? h? }\| 3600s h-s 
(6) 1.296 x 10°“ - [1.296 x 10° aoe (2 = |= 
h h* /\ 3600s 
©) 69 mi (60%) 5280ft th \_ ang 
h h 1mi 3600s S 
7 3 
60 =| 1.609km \(10°m \f 1h )_ naam 
h 1mi km 3600s S 


& 
D 
oS 

Il 
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30. 

Picture the Problem We can use the conversion factor 1 L = 1.057 qt to convert gallons 
into liters and then use this gallons-to-liters conversion factor to convert barrels into cubic 
meters. 


Aqt)( 1L 
1gal = (1gal)} —— =| 3.784L 
eee ( | gal (5) 


42 gal \( 3.784L \{ 10° m° : 
(b) tbarrel = (Ibarel/ I | : =| 0.1589m' | 


barrel gal 


31 
Picture the Problem We can use the conversion factor given in the problem statement 
and the fact that 1 mi = 1.609 km to express the number of square meters in one acre. 


Multiply by 1 twice, properly chosen, to Imi? 1609m ) 
lacre = (lacre) ——— 


convert one acre into square miles, and 640 acres mi 
then into square meters: ; 
=| 4050m 


32 ee 

Picture the Problem The volume of a right circular cylinder is the area of its base 
multiplied by its height. Let d represent the diameter and / the height of the right circular 
cylinder; use conversion factors to express the volume V in the given 


units. 
(a) Express the volume of the cylinder: V =1nl*h 
Substitute numerical values and V=s z(6.8in)” (2 ft) 
evaluate V: lft 2 
=17(6.8in)’ (2 ft)} — 
12in 
=| 0.504 ft° 
(b) Use the fact that 1 m = 3.281 ft ‘ia. 
ue v =(0.504 ft’) 
3.281 ft 


convert the volume in cubic feet into 


cubic meters: =| 0.0143 m° 
(c) Because 1 L = 10° m’: ; 1L 
V =(0.0143m°) oa |= L432 
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*33 ee 
Picture the Problem We can treat the SI units as though they are algebraic 
quantities to simplify each of these combinations of physical quantities and 


constants. 
(a) Express and simplify the units of (m/ s) m? m 
vx: m m-s? |s2 
(6) Express and simplify the units of m ; 

Vx/a: m/s? vst 
(c) Noting that the constant factor m (s)° _{ m (s?)= iif 
+ has no units, express and simplify s? |? 7 


the units of 4at*: 
Dimensions of Physical Quantities 


34 

Picture the Problem We can use the facts that each term in an equation must have the 
same dimensions and that the arguments of a trigonometric or exponential function must 
be dimensionless to determine the dimensions of the constants. 


(a) (d) 
x = Ci + Co t xX = Ci cos Co t 
L 1 
L L iy L | i 
(b) (e) 
,=2 C.F v = C exp( & 2# 
Tr T T T 
(c) 
y= 2C. & 
2 
7 lel 
T T 
35 ee 


Picture the Problem Because the exponent of the exponential function must be dimension 


the dimension of 2 must be| 77. | 
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*3G oe 
Picture the Problem We can solve Newton’s law of gravitation for G and 
substitute the dimensions of the variables. Treating them as algebraic quantities 
will allow us to express the dimensions in their simplest form. Finally, we can 
substitute the SI units for the dimensions to find the units of G. 


Solve Newton’s law of gravitation G= Fr? 
for G to obtain: 7 mm, 
Substitute the dimensions of the ML 
aay x L LB 
variables: eek _ 
M? MT? 
Use the SI units for L, M, and T: ; m° 
Units of G are ; 
kg-s 


37 we 
Picture the Problem Let m represent the mass of the object, v its speed, and 7 the 
radius of the circle in which it moves. We can express the force as the product of 

m, v, and r (each raised to a power) and then use the dimensions of force F, mass m, 
speed v, and radius 7 to obtain three equations in the assumed powers. Solving these 
equations simultaneously will give us the dependence of F on m, v, and r. 


Express the force in terms of F=m‘v’rS 
powers of the variables: 


Substitute the dimensions of the L 


b 
—2 _ al c 
physical quantities: clean (F : 


Simplify to obtain: MET? air 
Equate the exponents to obtain: a=1, 

b+c=1, and 

—b=-2 
Solve this system of equations to a=1,b=2,andc=-1 
obtain: 
Substitute in equation (1): y- 
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38 ee 
Picture the Problem We note from Table 1-2 that the dimensions of power are ML7/T”. 
The dimensions of mass, acceleration, and speed are M, L/T’, and L/T respectively. 


Express the dimensions of mav: [mav] ays es . de. ML’ 
T T T 
From Table 1-2: ML’ 
[P]= T? 


Comparing these results, we see that the product of mass, acceleration, 


and speed has the dimensions of power. 


39 ee 
Picture the Problem The dimensions of mass and velocity are M and L/T, respectively. 
We note from Table 1-2 that the dimensions of force are ML/T°. 


Express the dimensions of momentum: [mv] = Mx L_ML 
T T 
From Table 1-2: [F] _ ML 
ae 
Express the dimensions of force [ F. 1] - ML i= ML 
multiplied by time: ) Me L 
Comparing these results, we see that momentum has the dimensions of 
force multiplied by time. 
40 


Picture the Problem Let_X represent the physical quantity of interest. Then we 
can express the dimensional relationship between F, X, and P and solve this 
relationship for the dimensions of X. 


Express the relationship of X to [F lx | = [P] 
force and power dimensionally: 


Solve for [x] : [x] _ [7] 
F 


— 
— 
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Substitute the dimensions of force ML’ 

and power and simplify to obtain: [ x] ioe L 
ML T 
Tt? 

Because the dimensions of velocity [P]=[F]lv] 


are L/T, we can conclude that: 


Remarks: While it is true that P = Fv, dimensional analysis does not reveal the 
presence of dimensionless constants. For example, if P = zFv, the analysis shown 
above would fail to establish the factor of z 


*41 ee 
Picture the Problem We can find the dimensions of C by solving the drag force 
equation for C and substituting the dimensions of force, area, and velocity. 


Solve the drag force equation for eee i 

the constant C: Ay’ 

Express this equation C] i: [F..| 

dimensionally: [4] [pF 

Substitute the dimensions of force, ML 

area, and velocity and simplify to [c] ae a : 7 M 

obtain: P L : a 
T 

42 


Picture the Problem We can express the period of a planet as the product of these 
factors (each raised to a power) and then perform dimensional analysis to 
determine the values of the exponents. 


Express the period 7 of a planet as T =Cr°G’Ms (1) 
a b c 
the product of r“,G",andM; : where C is a dimensionless constant. 
Solve the law of gravitation for the Gz Fr? 
constant G: 7 mm, 
Express this equation dimensionally: iG] [ F][rF 


Substitute the dimensions of F, r, 
and m: 


Noting that the dimension of time is 
represented by the same letter as is 
the period of a planet, substitute the 
dimensions in equation (1) to 
obtain: 


Introduce the product of M ° and L° 
in the left hand side of the equation 
and simplify to obtain: 

Equate the exponents on the two 
sides of the equation to obtain: 
Solve these equations 


simultaneously to obtain: 


Substitute in equation (1): 
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ML 
ic] pr XL} _ B 
MxM ~~ MT’ 


M°DPT' = Moe? ps7 


0=c-b), 
0=a+ 3b, and 
1=-2b 


T=Cr?G YM,” =| —— 


Scientific Notation and Significant Figures 


#43 ° 
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Picture the Problem We can use the rules governing scientific notation to express each 


of these numbers as a decimal number. 


(a) 3 x 10* =| 30,000 | 


(b) 6.2 x 10° =| 0.0062 


44. 


(c) 4x 10° =] 0.000004 
(d) 2.17 x 10° =| 217,000 


Picture the Problem We can use the rules governing scientific notation to express each 


of these measurements in scientific notation. 


(a) 3.1GW =| 3.1« 10° W 


(c) 2.3fs =| 2.3x10°s 
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(b) 10pm =10 x 10°? m=| 10m (d) 4 ys = 


45 
Picture the Problem Apply the general rules concerning the multiplication, 
division, addition, and subtraction of measurements to evaluate each of the 


given expressions. 


(a) The number of significant (1.14)(9.99 x 10*)= 1.14 x 10° 
figures in each factor is three; 


therefore the result has three 
significant figures: 


(5) Express both terms with the (2.78 x 10°*)- (65.31 x i) 
same power of 10. Because the first = (2.78 = 0.531) x10° 


measurement has only two digits ; 
=| 2.2510" 

after the decimal point, the result 

can have only two digits after the 

decimal point: 


> 7 12 
(c) We’ ll assume that 12 is exact. 2 8.27 x10° 


Hence, the answer will have three 4.56x10° 
significant figures: 


(d) Proceed as in (b): 27.6 + (5.99 x 10?) = 27.6 +599 
ey, 


= [ET] 


46 

Picture the Problem Apply the general rules concerning the multiplication, 
division, addition, and subtraction of measurements to evaluate each of the 
given expressions. 


(a) Note that both factors have four (200.9)(569.3) =/1.144 «10° 


significant figures. 


(5) Express the first factor in (0.000000513)(62.3 x 10”) 
scientific notation and note that _ (5.13 x 107 \e2. a 10”) 


both factors have three significant 
= 2 
figures. =| 3.20 x 10 
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(c) Express both terms in scientific 28401+ (5.78 x 10‘) 


notation and note that the second = (2.841 x 10*)+ (5.78 x 10*) 
has only three significant figures. 7 (2 84145 78) 10° 
Hence the result will have only = ae * 


three significant figures. =| 8.62 x 10* 


(d) Because the divisor has three 63.25 ~/1.52x 10° 
417x107 


significant figures, the result will 


have three significant figures. 


*47 
Picture the Problem Let N represent the required number of membranes and 
express JN in terms of the thickness of each cell membrane. 


Express JN in terms of the thickness ie lin 

of a single membrane: 7nm 

Convert the units into SI units and N= lin “ 2.54cm , 1m : 1Inm 

simplify to obtain: 7nm in 100cm 10°m 
=|4x10° 

48 


Picture the Problem Apply the general rules concerning the multiplication, 
division, addition, and subtraction of measurements to evaluate each of the 
given expressions. 


(a) Both factors and the result have (2.00 x 10*)(6.10 x 107)= 1.22 x 10° 


three significant figures: 


(b) Because the second factor has (3.141592)(4.00 x 10°)= 1.26 x 10° 
three significant figures, the result 


will have three significant figures: 
(c) od Oe and the result have 2.32 x 10° 12.0010 
three significant figures: 1.16 x 10° 


(d) Write both terms using the same (5.14 x 10°) + (2.78 x 10”) 


power of 10. Note that the result = (5.14 x 10°) eft (0.278 x 10°) 
will have only three significant (5 1440 278) 10° 
=o). si x 


- [Eas] 


figures: 
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(e) Follow the same procedure used (1.99 x 10”) + (9.99 x ip) 

in (d): = (1.99 x 107) + (0.000000999 x 10”) 
=|1.99'x 10° 

*49 


Picture the Problem Apply the general rules concerning the multiplication, 
division, addition, and subtraction of measurements to evaluate each of the 


given expressions. 


(a) The second factor and the 3.141592654 x (23.2) =| 1.69 x 10° 
result have three significant figures: 


(6) We’ ll assume that 2 is exact. 2 x 3.141592654 x 0.76 =| 4.8 
Therefore, the result will have two 


significant figures: 


’ : 4 
(c) We’ll assume that 4/3 is exact. py (1.1) = [5.6 | 
Therefore the result will have two 3 


significant figures: 


(d) Because 2.0 has two significant (2.0) iG 

figures, the result has two significant 3.141592654 _ 

figures: 

General Problems 
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Picture the Problem We can use the conversion factor 1 mi = 1.61 km to convert 100 

km/h into mi/h. 

Multiply 100 km/h by 1 mi/1.61 km 100 190 oe 

to obtain: h h 1.61km 
=| 62.1mi/h 
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Picture the Problem We can use a series of conversion factors to convert 1 billion 
seconds into years. 


Multiply 1 billion seconds by the appropriate conversion factors to convert into years: 
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1h — 1day ly 
10°s =10°sx x x =| 31.7 
3600s 24h 365.24days 


52° 

Picture the Problem In both the examples cited we can equate expressions for the 
physical quantities, expressed in different units, and then divide both sides of the equation 
by one of the expressions to obtain the desired conversion factor. 


(a) Pale both eules of the ce 3x 10° a = 1.61 10? m/mi 
equation expressing the speed of 1.86 x 10° mi/h 
light in the two systems of ,m \f km 
measurement by 186,000 mi/s to =| 1.61 x 10° — 3 

: mi /\ 10° m 
obtain: 

=| 1.61km/mi 
(b) Find the volume of 1.00 kg of Volume of 1.00 kg = 10° g is 10° cm” 
water: 
Express 10° cm? in ft’: 3( in ft : 
(10 cm) : 
2.54cm } \12in 
= 0.0353 ft* 
Relate the weight of 1 ft? of water to 1.00 kg ~62 4b 
the volume occupied by 1 kg of 0.0353 ft* aris 
water: 
Divide both sides of the equation by 62 4b 
the left-hand side to obtain: 1= a ina 2.20 1b/k 
1.00kg outs 
0.0353 ft" 
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Picture the Problem We can use the given information to equate the ratios of the number 
of uranium atoms in 8 g of pure uranium and of 1 atom to its mass. 


Express the proportion relating the Ny = latom 
number of uranium atoms Ny in 8 g 8g 4.0x10°kg 
of pure uranium to the mass of 1 


atom: 
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Solve for and evaluate Ny: latom 
N co (8 ) 206 
4.0 x10 kg 


-[osi07] 


54 
Picture the Problem We can relate the weight of the water to its weight per unit 
volume and the volume it occupies. 


Express the weight w of water sien Leos 4b Ad 
falling on the acre in terms of the ft* 
weight of one cubic foot of water, 
the depth d of the water, and the 
area A over which the rain falls: 
Find the area A in ft*: 1mi? 5280ft \ 
A = (Lacre) a 2 ; 
640 acre mi 
= 4,356 x 10° ft” 


Substitute numerical values and evaluate w: 


12in 


w= Gua (4.356 « 10° ft? )(1.4in) = ) =| 3.17 x 10° Ib 
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Picture the Problem We can use the definition of density and the formula for the 
volume of a sphere to find the density of iron. Once we know the density of iron, we can 
use these same relationships to find what the radius of the earth would be if it had the 


same mass per unit volume as iron. 


(a) Using its definition, express the gz m 
density of iron: V 
Assuming it to be spherical, express V=4n r 
the volume of an iron nucleus as a 
function of its radius: 
Substitute to obtain: _ 3m 
p (1) 


Substitute numerical values and 
evaluate p: 


(5) Because equation (1) relates the 
density of any spherical object to its 
mass and radius, we can solve for r 
to obtain: 


Substitute numerical values and 
evaluate r: 
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__39.3x 10 kg) 
4n(5.4 x10 m) 


=| 1.41 10" kg/m? 


ae 
\ 42 


__[ 3(6.98x10%kg) _ 
a lee x10" kg/m’) 


Picture the Problem Apply the general rules concerning the multiplication, 


division, addition, and subtraction of measurements to evaluate each of the 


given expressions. 


(a) Because all of the factors have 
two significant figures, the result 
will have two significant figures: 


(5) Because the factor with the 
fewest significant figures in the first 
term has two significant figures, the 
result will have two significant 
figures. Because its last significant 
figure is in the tenth’s position, the 
difference between the first and 
second term will have its last 
significant figure in the tenth’s 
position: 


(c) Because all of the factors have 
two significant figures, the result 
will have two significant figures: 


(5.6 x 10°) (0.000075) 
2.4x 10°" 


_ (6.6 x 10%) (7.5 x 10°) 
7 24x10” 


=| 1.8 x 10° 


(14.2)(6.4 x 10” )(8.2 x 10° )- 4.06 
=7.8-4.06 =| 3.4 


(6.1 x 10°°)'(3.6 x 10*)’ _ 


=| 2.9 x 10° 


(3.6 x10)” 
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(d) Because the factor with the 
fewest significant figures has two 
significant figures, the result will 
have two significant figures. 
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(0.000064)’” 

(12.8 x10 )(490 x 107)” 
(6.4x10°)"” 

(12.8 x 10) (490 x 107)” 


=| 0.45 


II 


Picture the Problem We can use the relationship between an angle @ measured in 


radians, subtended at the center of a circle, the radius FR of the circle, and the length Z of 


the arc to answer these questions concerning the astronomical units of 


measure. 


(a) Relate the angle @ subtended by 
an arc of length S to the distance R: 


Solve for and evaluate S: 


(6) Solve equation (1) for and 
evaluate R: 


(c) Relate the distance D light 
travels in a given interval of time At 
to its speed c and evaluate D for 
At=1y: 


(1) 


=oparsec)(is)| 2) 


60s 
: 1° 2arad 
60min /\ 360° 


=| 4.85 x 10° parsec 


1.496 x 10''m 
1Imin 1° 2a rad 
(1s) . 
60s 60min 360° 


=| 3.09 x 10'°m 


D=cAt 


3 x 10° =| ty) 3156 x 10’ :) 
s y 


=| 9.47 x10°m 


~~ .. 


(d) Use the definition of 1 AU and 
the result from part (c) to obtain: 


(e) Combine the results of parts (5) 
and (c) to obtain: 
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1AU 
1c-y =(9.47 x 10°? m)}| —————_—_ 
: ( ere x | 


=| 6.33 x 10* AU 
1parsec = (3.08 x 10"° m) 
7 lc-y 
9.47 x 10° m 


- [Bey] 


Picture the Problem Let 1, and N, represent the number of electrons and the number of 


protons, respectively and p the critical average density of the universe. We can relate 
these quantities to the masses of the electron and proton using the definition of density. 


(a) Using its definition, relate the 
required density p to the electron 
density N./V: 


Solve for N./V: 


Substitute numerical values and 
evaluate N,/V: 


(6) Express and evaluate the ratio of 
the masses of an electron and a 
proton: 


Rewrite equation (1) in terms of 
protons: 


Divide equation (2) by equation (1) 
to obtain: 


_m_N.m, 
P V V 
Ne 
e =¢ 7, 1 
Vem, _ 
N, 6 x10 kg/m” 


V = -9.11 x 10" kg/electron 


=| 6.59 x 10° electrons/m? 


-31 
m, _ 9.11x 107 kg eta 
m, 1.67x102’ kg 


Pp 


NV _ fp 
ae (2) 
V mM, 
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Substitute numerical values and use N, (s esi 0+) 
the result from part (a) to evaluate yo. 


NIV: x (6.59 x 10° protons/m’) 


=| 3.59 protons/m?* 
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Picture the Problem We can use the definition of density to relate the mass of the water 
in the cylinder to its volume and the formula for the volume of a cylinder to express the 
volume of water used in the detector’s cylinder. To convert our answer in kg to lb, we 
can use the fact that 1 kg weighs about 2.205 lb. 


Relate the mass of water contained in m= pV 
the cylinder to its density and 
volume: 
Express the volume of a cylinder in © xa 
terms of its diameter d and height h: VeAnglh= a h 
Substitute to obtain: 25 
m= p—dh 
4 

Substitute numerical values and 
evaluate me m = (10° kg/m?) (4) (39.3m) (41.4m) 

= 5.02 x 10’ kg 


Convert 5.02 x 10’ kg to tons: 2.2051b . 1ton 


m=5.02 x 10’ kgx 
kg  20001b 


=55.4 x 10° ton 


The 50,000 — ton claim is conservative. The actual weight is closer 
to 55,000 tons. 
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Picture the Problem We’|I solve this problem two ways. First, we’ll substitute two of 
the ordered pairs in the given equation to obtain two equations in C and n that we can 
solve simultaneously. Then we’ll use a spreadsheet program to create a graph of log 7 as 
a function of log m and use its curve-fitting capability to find m and C. Finally, we can 
identify the data points that deviate the most from a straight-line plot by examination of 
the graph. 


1* Solution for (a) 


(a) To estimate C and n, we can 
apply the relation T = Cm” to two 
arbitrarily selected data points. 
We’ll use the 1“ and 6" ordered 
pairs. This will produce 
simultaneous equations that can be 
solved for C and n. 


Divide the second equation by the 
first to obtain: 


Substitute numerical values and 
solve for n to obtain: 


Substituting this value into the 
second equation gives: 


Solving for C gives: 


2™ Solution for (a) 


Take the logarithm (we’ll 
arbitrarily use base 10) of both sides 
of T = Cm" and simplify to obtain: 
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T, = Cm 
and 
T, = Cm; 


1.75s_( 1kg )’ 
0.56s | 0.1kg 
or 


3.125 =10" =n =| 0.4948 | 


and so a “judicial” guess is that n = 0.5. 


T, = Cm,” 
SO 
1.75s = C(1kg)”” 


C =| 1.75s/kg°° 


log(T) = log(Cm" ) =logC +logm" 
=nlogm+logC 

which, we note, is of the form y=mx+b. 

Hence a graph of log T vs. log m should 

be linear with a slope of ” and a log 7- 

intercept log C. 


The graph of log T vs. log m shown below was created using a spreadsheet program. The 


equation shown on the graph was obtained using Excel’s "Add Trendline” function. 


(Excel’s "Add Trendline” function uses regression analysis to generate the trendline.) 
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log T = 0.4987log m + 0.2479 


log T 


log m 


Comparing the equation on the n=| 0.499 


graph generated by the Add 
Trendline function to 
log(T) =n logm +logC, we 


and 
C= =| 1:77s/ke" 


observe: or 

T =| (1.77s/kg"? )m°™ 
(5) From the graph we see that the m=0.02 kg, T =0.471s, 
data points that deviate the most and 
from a straight-line plot are: m=1.50kg, T=2.22s 


From the graph we see that the points generated using the data pairs 
(b) | (0.02 kg, 0.471s) and (0.4 kg, 1.05 s) deviate the most from the line 
representing the best fit to the points plotted on the graph. 


Remarks: Still another way to find ” and C is to use your graphing calculator to 
perform regression analysis on the given set of data for log 7 versus log m. The slope 
yields n and the y-intercept yields log C. 
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Picture the Problem We can plot log 7 versus log r and find the slope of the best-fit line 
to determine the exponent n. We can then use any of the ordered pairs to evaluate C. 
Once we know n and C, we can solve T = Cr" for r as a function of 7. 
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(a) Take the logarithm (we’ll log(T ) = log(Cr" ) =logC +logr” 
arbitrarily use base 10) of both sides =nlogrt+logC 


of T= Cr and simplify to obtain: Note that this equation is of the form 


y=mx+b. Hence a graph of log T vs. 
log r should be linear with a slope of n and 
a log T -intercept log C. 


The graph of log 7 versus log 7 shown below was created using a spreadsheet program. 
The equation shown on the graph was obtained using Excel’s "Add Trendline” function. 
(Excel’s "Add Trendline” function uses regression analysis to generate the trendline.) 


1.0 
0.8 
y = 1.5036x + 1.2311 
0.6 ! 
0.4 
KR 
8 
= 0.2 
0.0 
-0.2 
-0.4 
11-10 -09 -08 -07 O06 -05 04 -03 -02 
log r 
From the regression analysis we n=|1.50 
observe that: 
and 
C =10'" =| 17.0 y/(Gm)” 
or T =| (17.0 y(Gm)”? }r* (1) 
(5) Solve equation (1) for the radius T 48 
of the planet’s orbit: 17.0y (Gmy” 


Substitute numerical values and _ 6.20 y 
evaluate r: ~ 


2/3 
en =| 0.510 G 
ae 
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*6§2 ccc 


Picture the Problem We can express the relationship between the period T 


of the pendulum, its length Z, and the acceleration of gravity g as T = CL g’ 


and perform dimensional analysis to find the values of a and b and, hence, the 


function relating these variables. Once we’ve performed the experiment called 


for in part (5), we can determine an experimental value for C. 


(a) Express 7 as the product of ZL 
and g raised to powers a and b: 


Write this equation in dimensional 
form: 


Noting that the symbols for the 
dimension of the period and length 
of the pendulum are the same as 
those representing the physical 
quantities, substitute the dimensions 
to obtain: 


Because L does not appear on the 
left-hand side of the equation, we 
can write this equation as: 


Equate the exponents to obtain: 


Solve these equations 
simultaneously to find a and b: 


Substitute in equation (1) to obtain: 


(6) If you use pendulums of lengths 
1 m and 0.5 m; the periods should 
be about: 


(c) Solve equation (2) for C: 


Toca (1) 


where C is a dimensionless constant. 


Ir]=[zI"s}’ 


LT" = F bil Adana 


a+b=Oand—-2b=1 


T(0.5m)= 


Cat ie 
i 
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Evaluate C with L = 1 mand 7 =2:s: 1m/s’ 
C= (2s) Po = 6.26 ~ 20 
m 


Substitute in equation (2) to obtain: 


09 |] 
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Picture the Problem The weight of the earth’s atmosphere per unit area is known 
as the atmospheric pressure. We can use this definition to express the weight w of 
the earth’s atmosphere as the product of the atmospheric pressure and the surface 
area of the earth. 


Using its definition, relate pie 
atmospheric pressure to the weight A 
of the earth’s atmosphere: 


Solve for w: w=PA 


Relate the surface area of the earth A=4z R’ 
to its radius R: 


Substitute to obtain: w=42R’P 


Substitute numerical values and evaluate w: 


3 2 : 2 
we sa(6270Km}{ 1 =| (Ser [a7] =| 1.16 x 10" Ib 
km m in 


eal 
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Chapter 2 
Motion in One Dimension 


Conceptual Problems 


1 e 
Determine the Concept The "average velocity" is being requested as opposed to "average 
speed". 


The average velocity is defined as Ay 
the change in position or Vay aE 
displacement divided by the 

change in time. 


The change in position for any Ay 0 
"round trip" is zero by definition. Vay = AL = At = 
So the average velocity for any 

round trip must also be zero. 


*? e 
Determine the Concept The important concept here is that "average speed" is being 
requested as opposed to "average velocity". 


Under all circumstances, including constant acceleration, the definition of the average 
speed is the ratio of the total distance traveled (H + H) to the total time elapsed, in this 


case 2H/T. | (d) is correct. 


Remarks: Because this motion involves a round trip, if the question asked for 
“average velocity," the answer would be zero. 


3 ° 
Determine the Concept Flying with the wind, the speed of the plane relative to the 
ground (Vpq) is the sum of the speed of the wind relative to the ground (Vwa) and the 
speed of the plane relative to the air (Vvpg = Vwa + Vpa). Flying into or against the wind the 
speed relative to the ground is the difference between the wind speed and the true air 
speed of the plane (Vg = vy — v;). Because the ground speed landing against the wind is 
smaller than the ground speed landing with the wind, it is safer to land against the wind. 


4 e 

Determine the Concept The important concept here is that a = dv/dt, where a is the 
acceleration and v is the velocity. Thus, the acceleration is positive if dv is positive; the 
acceleration is negative if dv is negative. 


(a) Let’s take the direction a car is Because the car is moving in the direction 

moving to be the positive direction: we’ ve chosen to be positive, its velocity is 
positive (dx > 0). If the car is braking, then 
its velocity is decreasing (dv < 0) and its 
acceleration (dv/dt) is negative. 


(b) Consider a car that is moving to Because the car is moving in the direction 
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the right but choose the positive opposite to that we’ve chosen to be 

direction to be to the left: positive, its velocity is negative (dx < 0). If 
the car is braking, then its velocity is 
increasing (dv > 0) and its acceleration 
(dv/dt) is positive. 


*5 e 

Determine the Concept The important concept is that when both the acceleration and 
the velocity are in the same direction, the speed increases. On the other hand, when the 
acceleration and the velocity are in opposite directions, the speed decreases. 


Because your velocity remains negative, your displacement must 


be negative. 


Define the direction of your trip as the negative direction. During the last 


five steps gradually slow the speed of walking, until the wallis reached. 


(c) A graph of v as a function of ¢ that is consistent with the conditions stated in the 
problem is shown below: 


v (m/s) 


t (s) 


6 e 

Determine the Concept True. We can use the definition of average velocity to express 
the displacement Ax as Ax = v,,At. Note that, if the acceleration is constant, the average 
velocity is also given by Va, = (vi + v;)/2. 


7 e 

Determine the Concept Acceleration is the slope of the velocity versus time curve, 
a = dv/dt; while velocity is the slope of the position versus time curve, v = dx/dt. The 
speed of an object is the magnitude of its velocity. 
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(a) True. Zero acceleration implies that the velocity is constant. If the velocity is constant 
(including zero), the speed must also be constant. 


(b) True in one dimension. 


Remarks: The answer to (b) would be False in more than one dimension. In one 
dimension, if the speed remains constant, then the object cannot speed up, slow 
down, or reverse direction. Thus, if the speed remains constant, the velocity 
remains constant, which implies that the acceleration remains zero. (In more than 
one-dimensional motion, an object can change direction while maintaining constant 
speed. This constitutes a change in the direction of the velocity.) Consider a ball 
moving in a circle at a constant rotation rate. The speed (magnitude of the velocity) 
is constant while the velocity is tangent to the circle and always changing. The 
acceleration is always pointing inward and is certainly NOT zero. 


*8 oo 
Determine the Concept Velocity is the slope of the position versus time curve and 
acceleration is the slope of the velocity versus time curve. See the graphs below. 


position (m) 
Oo FF NW BR HM Oo 


time (s) 


) 
= 


2. 
S 


acceleration (m/ 


-3 


-4 


(oe) 
uo 


10 15 20 25 


time (s) 


36 Chapter 2 


velocity (m/s) 


9 ° 

Determine the Concept False. The average velocity is defined (for any acceleration) as 

the change in position (the displacement) divided by the change in timev,, = Ax/At. It is 

always valid. If the acceleration remains constant the average velocity is also given by 
_VitVe 

av 5 

Consider an engine piston moving up and down as an example of non-constant velocity. 

For one complete cycle, v¢ = v; and x; = X¢ SO Vay = Ax/At is zero. The formula involving 


the mean of v; and v; cannot be applied because the acceleration is not constant, and 
yields an incorrect nonzero value of vj. 


Vv 


10 

Determine the Concept This can occur if the rocks have different initial speeds. 
Ignoring air resistance, the acceleration is constant. Choose a coordinate system in which 
the origin is at the point of release and upward is the positive direction. From the 
constant-acceleration equation 


2 
Y=Yot+Vot +tat 


we See that the only way two objects can have the same acceleration (—g in this case) and 
cover the same distance, Ay = y — yo, in different times would be if the initial velocities of 
the two rocks were different. Actually, the answer would be the same whether or not the 
acceleration is constant. It is just easier to see for the special case of constant 
acceleration. 


*11 oe 
Determine the Concept Neglecting air resistance, the balls are in free fall, each with the 
same free-fall acceleration, which is a constant. 


At the time the second ball is released, the first ball is already moving. Thus, during any 
time interval their velocities will increase by exactly the same amount. What can be said 
about the speeds of the two balls? The first ball will always be moving faster than the 
second ball. 


This being the case, what happens to the separation of the two balls while they are both 
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falling? Their separation increases. | (a) is correct. 


12. ee 
Determine the Concept The slope of an x(t) curve at any point in time represents the 
speed at that instant. The way the slope changes as time increases gives the sign of the 
acceleration. If the slope becomes less negative or more positive as time increases (as 
you move to the right on the time axis), then the acceleration is positive. If the slope 
becomes less positive or more negative, then the acceleration is negative. The slope of the 
slope of an x(t) curve at any point in time represents the acceleration at that instant. 


The slope of curve (a) is negative Therefore, the velocity is negative and the 
and becomes more negative as time acceleration is negative. 

increases. 

The slope of curve (b) is positive Therefore, the acceleration is zero. 


and constant and so the velocity is 
positive and constant. 


The slope of curve (c) is positive Therefore, the velocity is positive and the 
and decreasing. acceleration is negative. 

The slope of curve (d) is positive Therefore, the velocity and acceleration are 
and increasing. positive. We need more information to 


conclude that a is constant. 


The slope of curve (e) is zero. Therefore, the velocity and acceleration are 
Zero. 


(d) best shows motion with constant 


positive acceleration. 


*13 
Determine the Concept The slope of a v(t) curve at any point in time represents the 
acceleration at that instant. Only one curve has a constant and positive slope. 


(b)is correct. 


14 
Determine the Concept No. The word average implies an interval of time rather than an 
instant in time; therefore, the statement makes no sense. 


*15 
Determine the Concept Note that the "average velocity” is being requested as opposed 
to the "average speed.” 
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Yes. In any roundtrip, A to B, and _ Ax — AxXyp + AXgy 
back to A, the average velocity is Vav(A-B>A) — At At 
Zero. 
= AX ap +(-Ax,,4) = 0 
At At 
=| 0 
On the other hand, the average AX xp 
velocity between A and B is not Vav(A>B) = At a [9] 


generally zero. 


Remarks: Consider an object launched up in the air. Its average velocity on the way 
up is NOT zero. Neither is it zero on the way down. However, over the round trip, 
it is zero. 


16 

Determine the Concept An object is farthest from the origin when it is farthest from the 
time axis. In one-dimensional motion starting from the origin, the point located farthest 
from the time axis in a distance-versus-time plot is the farthest from its starting point. 
Because the object’s initial position is at x = 0, point B represents the instant that the 


object is farthest from x = 0. | (b) is correct. 


17 
Determine the Concept No. If the velocity is constant, a graph of position as a function 
of time is linear with a constant slope equal to the velocity. 


18 

Determine the Concept Yes. The average velocity in a time interval is defined as the 
displacement divided by the elapsed time v,, = Ax/At. The fact that v,,, = 0 for some 
time interval, At, implies that the displacement Ax over this interval is also zero. Because 
the instantaneous velocity is defined as v=lim,, ,, (Ax /At ), it follows that v must also 
be zero. As an example, in the following graph of x versus t, over the interval between 
t=0andt~ 21s, Ax =0. Consequently, vay = 0 for this interval. Note that the 
instantaneous velocity is zero only att ~ 10s. 
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t (s) 


19 ee 

Determine the Concept In the one-dimensional motion shown in the figure, the velocity 
is a minimum when the slope of a position-versus-time plot goes to zero (i.e., the curve 
becomes horizontal). At these points, the slope of the position-versus-time curve is zero; 


therefore, the speed is zero. | (b) is correct. 


| 
Determine the Concept In one-dimensional motion, the velocity is the slope of a 
position-versus-time plot and can be either positive or negative. On the other hand, the 
speed is the magnitude of the velocity and can only be positive. We’ll use v to denote 
velocity and the word “speed” for how fast the object is moving. 


(a) (b) 

curve a: v(t, )< v(t, ) curve a: speed(t, )< speed(t, ) 
curve b: v(t, )= v(t, ) curve b: speed(t, )= speed(t, ) 
curve c: v(t, )>v(t,) curve c: speed(t, )< speed(t, ) 
curve d: v(t, )< v(t, ) curve d: speed(t, )> speed(t, ) 


21 
Determine the Concept Acceleration is the slope of the velocity-versus-time curve, a = 
dv/dt, while velocity is the slope of the position-versus-time curve, v = dx/dt. 


(a) False. Zero acceleration implies that the velocity is not changing. The velocity could 
be any constant (including zero). But, if the velocity is constant and nonzero, the particle 
must be moving. 


(b) True. Again, zero acceleration implies that the velocity remains constant. This means 
that the x-versus-t curve has a constant slope (1.e., a straight line). Note: This does not 
necessarily mean a zero-slope line. 
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22° 

Determine the Concept Yes. If the velocity is changing the acceleration is not zero. The 
velocity is zero and the acceleration is nonzero any time an object is momentarily at rest. 
If the acceleration were also zero, the velocity would never change; therefore, the object 

would have to remain at rest. 


Remarks: It is important conceptually to note that when both the acceleration and 
the velocity have the same sign, the speed increases. On the other hand, when the 
acceleration and the velocity have opposite signs, the speed decreases. 


23. 

Determine the Concept In the absence of air resistance, the ball will experience a 
constant acceleration. Choose a coordinate system in which the origin is at the point of 
release and the upward direction is positive. 


The graph shows the velocity of a ball that has been thrown straight upward with an 


initial speed of 30 m/s as a function of time. Note that the slope of this graph, the 
acceleration, is the same at every point, including the point at which v = 0 (at the top of 


its flight). Thus, Viop of flight 0 | and Grop of fight = —F |- 


30 


20 


10 


0 


v (m/s) 


-10 


-20 


-30 
0 1 2 3 4 5 6 


t (s) 


The acceleration is the slope (—g). 
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Determine the Concept The "average speed" is being requested as opposed to "average 
velocity." We can use the definition of average speed as distance traveled divided by the 
elapsed time and expression for the average speed of an object when it is experiencing 
constant acceleration to express Vay in terms of Vo. 


The average speed is defined as the total distance traveled 
total distance traveled divided by Viv = ere 
the change in time: otal time 


_H+H 2H 
T T 
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Find the average speed for the vy,+0 H 
upward flight of the object: Vavup = > IT 
2 
Solve for H to obtain: H =1y,T 
Find the average speed for the O+v, H 
downward flight of the object: Vavdown — ) = 17 
2 
Solve for H to obtain: H =1v,.T 
Substitute in our expression for v. (1 
oe age 
to obtain: Viv = Gur) ) = . 


Because v, # 0, the average speed is not 


Zero. 


Remarks: 1) Because this motion involves a roundtrip, if the question asked for 
"average velocity”, the answer would be zero. 2) Another easy way to obtain this 
result is take the absolute value of the velocity of the object to obtain a graph of its 
speed as a function of time. A simple geometric argument leads to the result we 
obtained above. 
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Determine the Concept In the absence of air resistance, the bowling ball will experience 
constant acceleration. Choose a coordinate system with the origin at the point of release 
and upward as the positive direction. Whether the ball is moving upward and slowing 
down, is momentarily at the top of its trajectory, or is moving downward with ever 
increasing velocity, its acceleration is constant and equal to the acceleration due to 


gravity. | (b) is correct. 
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Determine the Concept Both objects experience the same constant acceleration. Choose 
a coordinate system in which downward is the positive direction and use a constant- 
acceleration equation to express the position of each object as a function of time. 


Using constant-acceleration X= %, putt 1 gt? 
equations, express the positions of , 


both objects as functions of time: and 


Xp = Xp + Vot +14? 


where vo = 0. 


E i a = 
xpress the separation of the two XX, =e Xe = 10m 
objects by evaluating xg — Xa: 


and | (d) is correct. | 
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Determine the Concept Because the Porsche accelerates uniformly, we need to look for 
a graph that represents constant acceleration. We are told that the Porsche has a constant 
acceleration that is positive (the velocity is increasing); therefore we must look for a 
velocity-versus-time curve with a positive constant slope and a nonzero intercept. 


42 Chapter 2 
(c)is correct. 


#28 oe 
Determine the Concept In the absence of air resistance, the object experiences constant 
acceleration. Choose a coordinate system in which the downward direction is positive. 


Express the distance D that an Det gt 
: . 2 

object, released from rest, falls in 

time t: 


Because the distance fallen varies 
with the square of the time, during 
the first two seconds it falls four 
times the distance it falls during the 
first second. 


(a)is correct. 
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Determine the Concept In the absence of air resistance, the acceleration of the ball is 
constant. Choose a coordinate system in which the point of release is the origin and 
upward is the positive y direction. 


The displacement of the ball AY max 
halfway to its highest point is: Ay = D) 
Using a constant-acceleration v’ =v, + 2aAy =v, —2gAy 


equation, relate the ball’s initial and 
final velocities to its displacement 
and solve for the displacement: 


Substitute vo = 0 to determine the ve ve 
maximum displacement of the ball: AY max =~ = 
-g) 2g 
Express the velocity of the ball at ‘ % ‘ AY max 
half its maximum height: Vv’ =Vy — 2gAy =Vvo — 2g a 
2 2 
v 
=Vo —GAVmm =Vo —-Gg—-=— 
0 g LY max 0 g 2g 2 
Solve for v: J2 


and | (c)is correct. 


30. 


Determine the Concept As long as the acceleration remains constant the following 
constant-acceleration equations hold. Ifthe acceleration is not constant, they do not, in 
general, give correct results except by coincidence. 


_ Vt Ve 


= L 7p2 = 2_ 12 
X=X,+V,t+ zat v=v, tat Vv =v, + 2aAx Vay > 
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(a) False. From the first equation, we see that (a) is true if and only if the acceleration is 
constant. 


(b) False. Consider a rock thrown straight up into the air. At the "top" of its flight, the 
velocity is zero but it is changing (otherwise the velocity would remain zero and the rock 
would hover); therefore the acceleration is not zero. 


(c) True. The definition of average velocity, v,, = Ax/At, requires that this always be 


true. 


*31 ¢ 
Determine the Concept Because the acceleration of the object is constant, the constant- 
acceleration equations can be used to describe its motion. The special expression for 


’ ete aE : 
average velocity for constant acceleration is Vv, = = C)1s correct. 
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Determine the Concept The constant slope of the x-versus-t graph tells us that the 
velocity is constant and the acceleration is zero. A linear position versus time curve 
implies a constant velocity. The negative slope indicates a constant negative velocity. 
The fact that the velocity is constant implies that the acceleration is also constant and 


zero. | (e)is correct. 
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Determine the Concept The velocity is the slope of the tangent to the curve, and the 
acceleration is the rate of change of this slope. Velocity is the slope of the position- 
versus-time curve. A parabolic x(t) curve opening upward implies an increasing velocity. 


The acceleration is positive. (a)is correct. 
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Determine the Concept The acceleration is the slope of the tangent to the velocity as a 
function of time curve. For constant acceleration, a velocity-versus- time curve must be a 
straight line whose slope is the acceleration. Zero acceleration means that slope of v(t) 


must also be zero. (c) is correct. 
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Determine the Concept The acceleration is the slope of the tangent to the velocity as a 
function of time curve. For constant acceleration, a velocity-versus- time curve must be a 
straight line whose slope is the acceleration. The acceleration and therefore the slope can 


be positive, negative, or zero. (d ) is correct. 
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Determine the Concept The velocity is positive if the curve is above the v = 0 line (the t 
axis), and the acceleration is negative if the tangent to the curve has a negative slope. 
Only graphs (a), (c), and (e) have positive v. Of these, only graph (e) has a negative 


slope. | (e)is correct. 
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Determine the Concept The velocity is positive if the curve is above the v = 0 line (the t 
axis), and the acceleration is negative if the tangent to the curve has a negative slope. 
Only graphs (b) and (d) have negative v. Of these, only graph (d) has a negative slope. 


(d)is correct. 
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Determine the Concept A linear velocity-versus-time curve implies constant 
acceleration. The displacement from time t = 0 can be determined by integrating v- 
versus-t — that is, by finding the area under the curve. The initial velocity at t= 0 can be 
read directly from the graph of v-versus-t as the v-intercept; 1.e., v(0). The acceleration of 
the object is the slope of v(t) . The average velocity of the object is given by drawing a 
horizontal line that has the same area under it as the area under the curve. Because all of 


these quantities can be determined (e)is correct. 
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Determine the Concept The velocity is the slope of a position versus time curve and the 
acceleration is the rate at which the velocity, and thus the slope, changes. 


Velocity (a) Negative at t) and ft). 
(b) Positive at ts, t4, ts, and t7. 
(c) Zero at t, and ts. 


Acceleration (a) Negative at ty. 
(b) Positive at ty and te. 
The acceleration is positive at points (c) Zero at to, ty, t3, ts, and ty. 


where the slope increases as you 
move toward the right. 
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Determine the Concept Acceleration is the slope of a velocity-versus-time curve. 


(a) Acceleration is zero and constant while velocity is not zero. 


3 


2 
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(b) Acceleration is constant but not zero. 


fo} 
°o 
oa 
b 
rE 
oa 
N 
N 
a 
w 


(c) Velocity and acceleration are both positive. 


(d) Velocity and acceleration are both negative. 
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(e) Velocity is positive and acceleration is negative. 


3 


(f) Velocity is negative and acceleration is positive. 
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(g) Velocity is momentarily zero at the intercept with the t axis but the acceleration is not 


Zero. 


1.5 2 2.5 3 
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Determine the Concept Velocity is the slope and acceleration is the slope of the slope of 
a position-versus-time curve. Acceleration is the slope of a velocity- versus-time curve. 


(a) For constant velocity, x-versus-t 
must be a straight line; v-versus-t 
must be a horizontal straight line; 
and a-versus-t must be a straight 
horizontal line at a = 0. 


(b) For velocity to reverse its 
direction x-versus-t must have a 
slope that changes sign and v- 
versus-t must cross the time axis. 
The acceleration cannot remain zero 
at all times. 


(c) For constant acceleration, 
x-versus-t must be a straight line or 
a parabola, v-versus-t must be a 
straight line, and a-versus-t must be 
a horizontal straight line. 


(d) For non-constant acceleration, 
x-versus-t must not be a straight line 
or a parabola; v-versus-t must not be 
a Straight line, or a-versus-t must 
not be a horizontal straight line. 


(a), (f), and (i) are the correct answers. 


(c) and (d) are the correct answers. 


(a), (d), (e), (f), (A), and (i) are the correct 
answers. 


(b), (c), and (g) are the correct answers. 
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For two graphs to be mutually Graphs (a) and (i) are mutually consistent. 
consistent, the curves must be Graphs (d) and (h) are mutually consistent. 
consistent with the definitions of Graphs (f) and (i) are also mutually 
velocity and acceleration. consistent. 


Estimation and Approximation 


42 
Picture the Problem Assume that your heart beats at a constant rate. It does not, but the 
average is pretty stable. 


(a) We will use an average pulse #of heartbeats 
rate of 70 bpm for a seated (resting) Pulse rate=———————_ 
adult. One’s pulse rate is defined as 
the number of heartbeats per unit 
time: 


Time 
and 
# of heartbeats = Pulse rate x Time 


The ie . to drive | mi at #of heartbeats = (70 beats/min )(1 min ) 
60 mph is (1/60) h or | min: 


(b) Express the number of #of heartbeats = Pulse rate x Time 
heartbeats during a lifetime in terms 

of the pulse rate and the life span of 

an individual: 


Assuming a 95-y life span, calculate the time in minutes: 


Time = (95 y)(365.25 d/y)(24h/d)(60 min/h) = 5.0010’ min 


Substitute numerical values and evaluate the number of heartbeats: 


#of heartbeats = (70 beats / min)(5.00 x10’ min) =| 3.50x10” beats 
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Picture the Problem In the absence of air resistance, Carlos’ acceleration is constant. 
Because all the motion is downward, let’s use a coordinate system in which downward is 
positive and the origin is at the point at which the fall began. 


(a) Using a constant-acceleration Vv? =v, + 2aAy 
equation, relate Carlos’ final 
velocity to his initial velocity, 
acceleration, and distance fallen and v= 2gAy 
solve for his final velocity: 


and, because vy = 0 anda =g, 


Substitute numerical values and i 2(9.8 liaise \(r 50m) =| 54.2 m/s 


evaluate v: 


(b) While his acceleration by the 
snow is not constant, solve the same 
constant- acceleration equation to 
get an estimate of his average 
acceleration: 


Substitute numerical values and 
evaluate a: 
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2Ay 


= ~(54mis*) = —],20x10?m/s” 


~— 2(1.22m) 


Remarks: The final velocity we obtained in part (a), approximately 121 mph, is 
about the same as the terminal velocity for an "average" man. This solution is 
probably only good to about 20% accuracy. 
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Picture the Problem Because we’re assuming that the accelerations of the skydiver and 
the mouse are constant to one-half their terminal velocities, we can use constant- 
acceleration equations to find the times required for them to reach their "upper-bound” 
velocities and their distances of fall. Let’s use a coordinate system in which downward is 


the positive y direction. 


(a) Using a constant-acceleration 
equation, relate the upper-bound 
velocity to the free-fall acceleration 
and the time required to reach this 
velocity: 


Solve for At: 


Substitute numerical values and 
evaluate At: 


Using a constant-acceleration 
equation, relate the skydiver’s 
distance of fall to the elapsed time 
At: 

Substitute numerical values and 
evaluate Ay: 


(b) Proceed as in (a) with 
Vupper bound — 0.5 m/s to obtain: 


=v, + gAt 


Vupper bound 
or, because vo = 0, 
Vv = gAt 


upper bound 


A t= Vupper bound 


g 


25 m/s 


= Deiat ims =2.55s 


Ay =v,At +4a(Aty 
or, because v0 = 0 anda =g, 


Ay = zg(Aty 
Ay =4(9.81m/s?) (2.558) = 
At => 5 _19.0510s 
9.81m/s 
and 


Ay = 4(9.81m/s?)(0.0510s)’ = 
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Picture the Problem This is a constant-acceleration problem. Choose a coordinate 
system in which the direction Greene is running is the positive x direction. During the 
first 3 s of the race his acceleration is positive and during the rest of the race it is zero. 
The pictorial representation summarizes what we know about Greene’s race. 


a9, - 4 | a\2=0 2 


Express the total distance covered 100m = Ax,, + Ax,, 
by Greene in terms of the distances 
covered in the two phases of his 


race: 
Express the distance he runs getting Ax,, =V,Aty, ++ a, ( Ato, y =1 a(3s) 
to his maximum velocity: 
Express the distance covered during AX, = VinaxAti, +4 ai.( At,,) 
the rest of the race at the constant ae 
maximum velocity: =(aAt,, )At,, 
= a(3s)(6.79s) 

Substitute for these displacements 100m=+ a(3 sy 4 a(3s)(6.79s) 
and solve for a: - 

and 

a=| 4.02m/s* 
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Determine the Concept This is a constant-acceleration problem with a = —g if we take 
upward to be the positive direction. 


At the maximum height the ball will Because the ball is moving slowly its blur 
reach, its speed will be near zero is relatively short (i.e., there is less 
and when the ball has just been blurring). 


tossed in the air its speed is near its 

maximum value. What conclusion 

can you draw from the image of the 
ball near its maximum height? 


To estimate the initial speed of the 
ball: 
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a) Estimate how far the ball being The ball moves about 3 ball diameters in 
tossed moves in 1/30 s: 1/30s. 
b) Estimate the diameter of a tennis The diameter of a tennis ball is 
ball: approximately 5 cm. 
c) Now one can calculate the Distance traveled = (3 diameters) 
eppnpaunate distance the ball moved e ( oe ter) 
in 1/30 s: 
= 15cm 
d) Calculate the average speed of 15cm 
the tennis ball over this distance: Average speed = a 450 cm/s 
—s 
30 
=4.50m/s 
e) Because the time interval is very “. Vo = 4.5 m/s 


short, the average speed of the ball 
is a good approximation to its initial 
speed: 


f) Finally, use the constant- _- Vo = (4. 5 m/s) 


acceleration equation Ay = 5a = 5 [9 8im/s?) = 


v’ =v, +2aAy to solve for and 


evaluate Ay: 


Remarks: This maximum height is in good agreement with the height of the higher 
ball in the photograph. 
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Picture the Problem The average speed of a nerve impulse is approximately 120 m/s. 
Assume an average height of 1.7 m and use the definition of average speed to estimate 
the travel time for the nerve impulse. 


Using the definition of average Ax 
speed, express the travel time for the At= —~ 
nerve impulse: - 
Substitute numerical values and 1.7 
At = =| 14.2ms 
evaluate At: 120m/s 


Speed, Displacement, and Velocity 


48 
Picture the Problem Think of the electron as traveling in a straight line at constant speed 
and use the definition of average speed. 
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(a) Using its definition, express the 
average speed of the electron: 


Solve for and evaluate the time of 
flight: 


(b) Calculate the time of flight for 
an electron in a 16-cm long current 
carrying wire similarly. 
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distance traveled 
Average speed = — - 
time of flight 
=e 
At 
hie As — 0.16m 
Average speed 4x10’ m/s 
v As 0.16m 


~ Average speed ~ 4x10° m/s 
= 4x10°s =| 66.7 min 


Picture the Problem In this problem the runner is traveling in a straight line but not at 
constant speed - first she runs, then she walks. Let’s choose a coordinate system in which 
her initial direction of motion is taken as the positive x direction. 


(a) Using the definition of average 
velocity, calculate the average 
velocity for the first 9 min: 


(b) Using the definition of average 


velocity, calculate her average speed 
for the 30 min spent walking: 


(c) Express her average velocity for 
the whole trip: 


(d) Finally, express her average 
speed for the whole trip: 


50 


poe ee 
At 9min 


ee Ax _ =2.5 km 
“At 30min 
=| — 0.0833 km/min 
AX, ound trip 0 
a tee CO OO 0 
av At At [o 
Agerbeapedd= cstnce manele? 
elapsed time 
_ -2(2.5 km) 
30 min + 9 min 
=| 0.128 km/ min 


Picture the Problem The car is traveling in a straight line but not at constant speed. Let 
the direction of motion be the positive x direction. 


(a) Express the total displacement of 


the car for the entire trip: 


AX ora = AX, + AX, 


total 


Find the displacement for each leg 
of the trip: 


Add the individual displacements to 
get the total displacement: 


(b) As long as the car continues to 
move in the same direction, the 
average velocity for the total trip is 
given by: 


51 
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Ax, = V,, At, = (80 km/h)(2.5 h) 
= 200km 
and 
Ax, =V,, At, =(40 km/h)(1.5 h) 
= 60.0km 
AX oat = AX, + Ax, = 200km + 60.0km 
=| 260km 
y —dXoat ___260km 
“At 2.5h+1.5h 


total 


Picture the Problem However unlikely it may seem, imagine that both jets are flying in 


a Straight line at constant speed. 


(a) The time of flight is the ratio 
of the distance traveled to the 
speed of the supersonic jet. 


(b) The time of flight is the ratio 
of the distance traveled to the 
speed of the subsonic jet. 


(c) Adding 2 h on both the front 
and the back of the supersonic 
trip, we obtain the average speed 
of the supersonic flight. 


(d) Adding 2 h on both the front 
and the back of the subsonic trip, 
we obtain the average speed of the 
subsonic flight. 


t _ S atlantic 
supersonic — 
speed 


supersonic 


7 5500 km 
~ 2(0.340km/s)(3600s/h) 


=| 2.25h 


s Atlantic 


speed 


C sibamniig ~ 
subsonic 


5500 km 
0.9(0.340km/s\(3600s/h) 


-[299R] 


speed = in 
Peet wswpesonic > 95h + 4.00h 


=| 880km/h 


eee 
av, subsonic 5.00h+4.00h 


=| 611km/h 


speed 
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Picture the Problem In free space, light travels in a straight line at constant speed, c. 


(a) Using the definition of average 
speed, solve for and evaluate the 
time required for light to travel from 
the sun to the earth: 


(b) Proceed as in (a) this time using 
the moon-earth distance: 


(c) One light-year is the distance 
light travels in a vacuum in one 
year: 
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S 
average speed = rs 


and 


- s _1.5x10"'m 
average speed 3x10°m/s 


= 500s =| 8.33 min 


3.84x10° m 
t= —_____=] 1.288 
oe: 


1 light - year = 9.48x10" m=| 9.48x10" km 


= (9.48 x10" km) mi/1.61km) 
=| 5.89x10" mi 


Picture the Problem In free space, light travels in a straight line at constant speed, c. 


(a) Using the definition of average 
speed (equal here to the assumed 
constant speed of light), solve for 
the time required to travel the 
distance to Proxima Centauri: 


(b) Traveling at 10“c, the delivery 
time (ttotar) Will be the sum of the 
time for the order to reach Hoboken 
and the time for the pizza to be 
delivered to Proxima Centauri: 
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t 


_ distance traveled 4.1x10'°m 
speed of light  3x10* m/s 


=1.37x10°s=] 4.33 y 


total = Coder to be sent to Hoboken aa 


4.1x10° km 


=4.33y+ 
* 10-3 x10° m/s) 

=4.33y+4.33x10°y 

= 4.33x10°y 


order to be delivered 


Since 4.33 x10° y >>1000 y, Gregor does not 
have to pay. 


Picture the Problem The time for the second 50 km is equal to the time for the entire 
journey less the time for the first 50 km. We can use this time to determine the average 
speed for the second 50 km interval from the definition of average speed. 


Using the definition of average 
speed, find the time required for the 
total journey: 


_ totaldistance —§ 100km _ oh 
“sl “averagespeed 50km/h 


Find the time required for the first 
50 km: 


Find the time remaining to travel the 
last 50 km: 


Finally, use the time remaining to 
travel the last 50 km to determine 
the average speed over this distance: 
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50km 


basta = 40km/h =1.25h 


loa spi = Uotat ~“Garsoen = 2h-1.25h 


=0.75h 


Average speed, 50 km 


7 distance traveled,.4 59 km 


HMC 54450 km 


Picture the Problem Note that both the arrow and the sound travel a distance d. We can 
use the relationship between distance traveled, the speed of sound, the speed of the arrow, 
and the elapsed time to find the distance separating the archer and the target. 


Express the elapsed time between 
the archer firing the arrow and 
hearing it strike the target: 


Express the transit times for the 
arrow and the sound in terms of the 
distance, d, and their speeds: 


Substitute these two relationships in 
the expression obtained in step | 
and solve for d: 
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At =1s =At, now + At 


arrow sound 
AL ie = : = d 
Virow)  40m/s 
and 
At ound = = : 
Veounal 240:m/s 
d d 
+ =1s 
40m/s 340m/s 
and d =| 35.8m 


Picture the Problem Assume both runners travel parallel paths in a straight line along 


the track. 


(a) Using the definition of average 
speed, find the time for Marcia: 


distance run 


Marcia ~ 


Marcia's speed 

_ distance run 
115 (John's speed) 
100m 


= =14.5 
1.15(6m/s) ° 
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Find the distance covered by John in Xjomn = (6 m/s)(14. 5 s)= 87.0m 
14.5 s and the difference between 


Marcaani 
that distance and 100 m: and Marcia sans 3 


100 m—87 m=] 13.0m 


(b) Using the definition of average distance run 100m 
speed, find the time required by John — = 
John to complete the 100-m run: 


=16.7s 


John's speed 6m/s 
Marsha wins by 16.7s— 14.55 =2.2 5 


Alternatively, the time required by John to 
travel the last 13.0 m is 


(13 m)/(6 m/s) = 


57 
Picture the Problem The average velocity in a time interval is defined as the 
displacement divided by the time elapsed; that isv,, = Ax/ At. 


(a) Ax, =0 


(b) Ax, = 1 m and At, =3s 


(c) Ax, =-6 mand At, =3s Vzy =| —2.0 
(d) Axg=3 m and Aty=3 s v,, =| 1.00 m/s 
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Picture the Problem In free space, light travels in a straight line at constant speed c. We 
can use Hubble’s law to find the speed of the two planets. 


(a) Using Hubble’s law, calculate = (s x10” m)(I 58x10" s') 
the speed of the first galaxy: ‘ 

=| 7.90x10* mis 
(b) Using Hubble’s law, calculate V, = (2 x1075 m)(I 58x1078 s') 
the speed of the second galaxy: 

=[3.16x10' mis 
(c) Using the relationship between r r 1 
distance, speed, and time for both t= - 7 rH = H 
galaxies, determine how long ago 9 . 
they were both located at the same = 6.33x10°s = 20.110" y 


place as the earth: =| 20.1 billion years 


#59 oe 


Motion in One Dimension 57 


Picture the Problem Ignoring the time intervals during which members of this relay 
time get up to their running speeds, their accelerations are zero and their average speed 


can be found from its definition. 


Using its definition, relate the 
average speed to the total distance 
traveled and the elapsed time: 


_ distance traveled 


av| 


elapsed time 


Express the time required for each L 
animal to travel a distance L: Cae, = ’ 
cheetah 
L 
Cratcon = ] 
falcon 
and 
L 
Csailfish a 


sailfish 


1 1 1 
At = i + + 
Voheetah Veatcon Vaailfish 


Use the total distance traveled by the relay team and the elapsed time to calculate the 
average speed: 


Express the total time, At: 


av| 


3L 
Sm — =| 122km/h 
1 1 l ) [122kmv/h | 


+ + 
113km/h 161km/h 105km/h 


Calculate the average of the three speeds: 


_ 113km/h +161km/h+105km/h 


three speeds a 


Average =| 126km/h = 1.03v,, 
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Picture the Problem Perhaps the easiest way to solve this problem is to think in terms of 
the relative velocity of one car relative to the other. Solve this problem from the 
reference frame of car A. In this frame, car A remains at rest. 


Find the velocity of car B relative to Vrel = VB — Va = (110 — 80) km/h 
car A: = 30 km/h 
Find the time before car B reaches AX 45km 
car A: aS = 1 
. Vv 30km/h 


rel 


Find the distance traveled, relative 
to the road, by car A in 1.5 h: 


d = (1.5h)(80km/h)=| 120km | 
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Picture the Problem One way to solve this problem is by using a graphing calculator to 
plot the positions of each car as a function of time. Plotting these positions as functions 
of time allows us to visualize the motion of the two cars relative to the (fixed) ground. 
More importantly, it allows us to see the motion of the two cars relative to each other. We 
can, for example, tell how far apart the cars are at any given time by determining the 
length of a vertical line segment from one curve to the other. 


(a) Letting the origin of our X,(t) = 20t 

coordinate system be at the where x, is in meters if t is in seconds. 
intersection, the position of the 

slower car, x,(t), is given by: 


Because the faster car is also x(t) = 30t+ b 
moving at a constant speed, we 

know that the position of this car is 

given by a function of the form: 


We know that when t=5 s, this b=-150m 
second car is at the intersection (i.e., 

X2(5 s) = 0). Using this information, 

you can convince yourself that: 


Thus, the position of the faster car is G (t) = 30t —150 
given by: 


One can use a graphing calculator, graphing paper, or a spreadsheet to obtain the 
graphs of x;(¢) (the solid line) and x,(t) (the dashed line) shown below: 


(b) Use the time coordinate of the From the intersection of the two lines, one 
intersection of the two lines to can see that the second car will "overtake" 
determine the time at which the (catch up to) the first car at | t=15s |. 
second car overtakes the first: 


(c) Use the position coordinate of 
the intersection of the two lines to 
determine the distance from the 
intersection at which the second car 
catches up to the first car: 


(d) Draw a vertical line from t = 5 
s to the red line and then read the 
position coordinate of the 
intersection of this line and the red 
line to determine the position of the 
first car when the second car went 
through the intersection: 


62 ° 
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From the intersection of the two lines, one 
can see that the distance from the 


intersection is | 300 m |. 


From the graph, when the second car 
passes the intersection, the first car was 


100 m ahead |. 


Picture the Problem Sally’s velocity relative to the ground (vsq) is the sum of her 
velocity relative to the moving belt (vsg) and the velocity of the belt relative to the ground 
(Vgc). Joe’s velocity relative to the ground is the same as the velocity of the belt relative 
to the ground. Let D be the length of the moving sidewalk. 


Express D in terms of Vgc (Joe’s 
speed relative to the ground): 


Solve for Vgc: 


Express D in terms of Vgg + Vs 
(Sally’s speed relative to the 
ground): 


Solve for vsc: 


Express D in terms of Vgg + 2Vsp 
(Sally’s speed for a fast walk 
relative to the ground): 


Solve for t;as time for Sally's fast 
walk: 


D =(2min)vpq 


— 12 
2min 


VEG 


D=(Imin)(Vg¢ + Vsc ) 


=(1min( = +s 


min 


D D—_D 


Vog = : = : 
Imin 2min 2min 


D ves +24q)=4{ =P aD 


2min 2min 
— t, - 
2min 


40.0s 
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Picture the Problem The speed of Margaret’s boat relative to the riverbank (Var| ) is the 


sum or difference of the speed of her boat relative to the water (Vw! ) and the speed of 


the water relative to the riverbank (Vir ), depending on whether she is heading with or 


against the current. Let D be the distance to the marina. 


Express the total time for the trip: t., =t, +t 
Express the times of travel with the : D 4h 
. . 1 = Uh 
motor running in terms of D, Vea Maw | = Mwel 
and ar ; and 
D 
——— 
Mew! + [Ywe| 
Express the time required to drift D 
; t, =—— =8h 
distance D and solve for Mel ; Mowe 
and 
_D 
Me = 8h 


DD __3D 


= : D 
From t, = 4h, find|Vyw| : Peroni. laveuce sat 


Solve for ty: D D 


Add t, and t, to find the total time: 


Acceleration 


64 - 

Picture the Problem In part (a), we can apply the definition of average acceleration to 
find a,,. In part (b), we can find the change in the car’s velocity in one second and add 
this change to its velocity at the beginning of the interval to find its speed one second 
later. 


(a) Apply the definition of average Av 80.5km/h—48.3km/h 
acceleration: Fay = he 3.75 
=8,705™ 


h-s 
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Convert to m/s’: 
a,, =| 8.70 x 10° =| a 
h-s )\ 3600s 
=| 2.42 m/s? 
(b) Express the speed of the car at v(4.7 s) 7 v(3.7 s)+ AV,, 
th f4.7s: 
aos = 80.5km/h + Av, 
Find the change in the speed of the 
ere ae Av =a,,At= [8.705 ts) 
; h-s 
= 8.70km/h 
Substitute and evaluate v(4.7 s): v(4.7 s) = 80.5km/h + 8.7 km/h 
=| 89.2km/h 


65 ° 
Picture the Problem Average acceleration is defined as day = Av/At. 


The average acceleration is defined 
as the change in velocity divided by ree Av = (- Im/s)- (Sm/s) 
the change in time: At (8s) = (5s) 
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Picture the Problem The important concept here is the difference between average 
acceleration and instantaneous acceleration. 


(a) The average acceleration is day = Av/At 
defined as the change in velocity 
divided by the change in time: 


Determine v at t=3 s, t=4s, and v(3 s)= 17 m/s 
t=5s: v(4 s) = 25 m/s 
v(5 s) = 33 m/s 
Find ay for the two 1-s intervals: d,(3 s to 4s) = (25 m/s — 17 m/s)/(1 s) 
=8 m/s 
and 
day(4 s to 5 s) = (33 m/s — 25 m/s)/(1 s) 
=8 m/s’ 
The instantaneous acceleration is dv ; 
defined as the time derivative of the a= ae =| 8.00 m/s 


velocity or the slope of the velocity- 
versus-time curve: 
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(b) The given function was used to plot the following spreadsheet-graph of 


v-versus-t: 


Vv (m/s) 

I 

ol 
———— 


t (s) 
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Picture the Problem We can closely approximate the instantaneous velocity by the 
average velocity in the limit as the time interval of the average becomes small. This is 


important because all we can ever obtain from any measurement is the average velocity, 


Vay, Which we use to approximate the instantaneous velocity v. 


(a) Find x(4 s) and x(3 s): 


Find Ax: 


Use the definition of average velocity: 


(b) Find x(t + Af): 


Express x(t + At) — x(f) = Ax: 


(c) From (b) find Ax/At as At > 0: 


x(4 s) = (4° —5(4)+ 1=3 m 
and 
x(3 s) = (3) —5(3) +1 =-5 m 


Ax = x(4 s) — x3 s) =(-3 m) —-(-5 m) 


Vay = Ax/At = (2 m)/(1 s) = | 2 m/s 


x(t + At)= (t+ At’ — 5(t+ Af) +1 
=(t? + 2tAt + (Af)’) - 
5(t+ At) +1 


Ax =| (2t—5)At+(At) 


where Ax is in meters if t is in seconds. 


Ax _ (2¢—5)At+ (At) 


At At 


=2t—5+At 
and 
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v=lim,, ,)(Ax/ At) = 


where v is in m/s if t is in seconds. 


Alternatively, we can take the 

derivative of x(t) with respect to v(t )= dx(t \dt = = dt (at? +bt + 1) 
time to obtain the instantaneous _9 b=2 

velocity. =2at+ b= 2t-> 
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Picture the Problem The instantaneous velocity is dx/dt and the acceleration is dv/dt . 


Using the definitions of dx _ d <| le 
instantaneous velocity and ona At’ — Bt+C]=2At—-B 
acceleration, determine v and a: 
and 
d d 
250 DAH BIS 5A 
dr dt 
Substitute numerical values for A v= 2(8m/s” Je —6m/s 
and B and evaluate v and a: 
=| (16 m/s? )t—6m/s 
and 


a = 2(8 m/s”) =| 16.0 m/s? 
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Picture the Problem We can use the definition of average acceleration (dj, = Av/At) to 
find aay for the three intervals of constant acceleration shown on the graph. 


(a) Using the definition of average [sins — Sis, 7 
acceleration, find a,, for the interval a. ABS a =| 3.33 m/s 
AB: 
Find a,, for the interval BC: 15m/s —15m/s 
dy,.Bo = aaa as =|0| 
Find a,, for the interval CE: —15m/s —15m/ 
Oy cy = a © =| —7.50m/s’ 


(b) Use the formulas for the areas of trapezoids and triangles to find the area under 
the graph of v as a function of t. 
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Ax = (Ae) ze + (Ax)p 4c a (Ax); + (AX sé 

=1(5m/s+15m/s)(3s)+(15 m/s)(3s) +4(15m/s)(2s) + 4(—15 m/s)(2 8) 

=| 75.0m 


(c) The graph of displacement, x, as a function of time, t, is shown in the following 
figure. In the region from B to C the velocity is constant so the x- versus-t curve is 
a straight line. 


x (m) 


t (s) 


(d) Reading directly from the figure, At point D, t =8 s, the graph crosses 
we can find the time when the 


the time axis; therefore, v = 0. 


particle is moving the slowest. 


Constant Acceleration and Free-Fall 
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Picture the Problem Because the acceleration is constant (—¢) we can use a constant- 
acceleration equation to find the height of the projectile. 


Using a constant-acceleration Vv’ =v. + 2aAy 
: 0 

equation, express the height of the 

object as a function of its initial 

velocity, the acceleration due to 

gravity, and its displacement: 


Solve for AYmax = 1: Because v(h) = 0, 
2 2 
-g) 2g 

From this expression for h we see havy- 


that the maximum height attained is 
proportional to the square of the 
launch speed: 
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Therefore, doubling the initial speed (2v y 2 
gives four times the height: h,, = ae Al 4h, 


and| (a)is correct. 


71 
Picture the Problem Because the acceleration of the car is constant we can use constant- 
acceleration equations to describe its motion. 


(a) Uing a constant-acceleration v=v.+at=0+ (3 m /s? \(10s) 
0 
equation, relate the velocity to the 


acceleration and the time: =| 80.0m/s 


(b) sing a constant-acceleration 
equation, relate the displacement to 
the acceleration and the time: 


Substitute numerical values and 1 
evaluate Ax: Ax =(8m/s*) (10s) =| 400m | 


c) Use the definition of v,y: 4 
(c) Use the definition 0 y _ AX U0 40.0m/s 


a 
Ax = X— X, avy tot 


Remarks: Because the area under a velocity-versus-time graph is the displacement 
of the object, we could solve this problem graphically. 
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Picture the Problem Because the acceleration of the object is constant we can use 
constant-acceleration equations to describe its motion. 


Using a constant-acceleration y= Vo +2aAx 
equation, relate the velocity to the 
acceleration and the displacement: 


Solve for and evaluate the y2—y2 (152 — 52 }m2/s? 
displacement: Ax = 0 ( i 
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Picture the Problem Because the acceleration of the object is constant we can use 
constant-acceleration equations to describe its motion. 


Using a constant-acceleration y= iv +2aAx 
equation, relate the velocity to the 
acceleration and the displacement: 
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. 2.2 
Solve for the acceleration: fa = 
2 Ax 


Substitute numerical values and 


evaluate a: a= (Is? ele = 


74 
Picture the Problem Because the acceleration of the object is constant we can use 
constant-acceleration equations to describe its motion. 


Using a constant-acceleration v? =v> +2aAx 
equation, relate the velocity to the 
acceleration and the displacement: 


Solve for and evaluate v: _ (1 m/s)’ 42 (4 m/s? \a m) 

=| 3.00m/s 
Using the definition of average Av _3m/s-—1m/s 
acceleration, solve for the time: t= a = an /s? =| 0.500s 
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Picture the Problem In the absence of air resistance, the ball experiences constant 
acceleration. Choose a coordinate system with the origin at the point of release and the 
positive direction upward. 


(a) Using a constant-acceleration Ay =Vot + tat? 
equation, relate the displacement of 
the ball to the acceleration and the 


time: 
Setting Ay = 0 (the displacement for 2V, 2(20 m/ s) 
around trip), solve for and evaluate Cround tip = g = 9.81m/s2 - [ 4.08 | 


the time required for the ball to 
return to its starting position: 


(b) Using a constant-acceleration vy = vo +2aAy 
equation, relate the final speed of : 

the ball to its initial speed, the 
acceleration, and its displacement: 0= vy, + 2(- g)H 


or, because Viop = 0 and a = —g, 


Solve for and evaluate H: 


Se) goa 
2g 2(9.81m/s’) 


(c) Using the same constant- Ay =v,t +4 at? 
acceleration equation with which we 

began part (a), express the 

displacement as a function of time: 
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Substitute numerical values to 9. 81m/s2 

obtain: 15m= anasje-( 81m t? 

Solve the quadratic equation for the The soluti t-| 0.991s | (thi 

times at which the displacement of ear toe tae us 

the ball is 15 m: corresponds to passing 15 m on the way 
up) and t = (this corresponds to 
passing 15 m on the way down). 
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Picture the Problem This is a multipart constant-acceleration problem using two 
different constant accelerations. We’ll choose a coordinate system in which downward is 
the positive direction and apply constant-acceleration equations to find the required 
times. 


(a) Using a constant-acceleration Ay = y—y, =h-0=Vol, + 7 at? 
equation, relate the time for the slide 


to the distance of fall and the or, because vo = 0, 


2 
acceleration: h= zat, 
Solve for t): Bs 
ae 
Vg 
Substitute numerical values and 2( 460 m) 
evaluate t): i =| =| 9.688 
\9.81m/s 
(b) Using a constant-acceleration v, =v, tat, 


equation, relate the velocity at the 
bottom of the mountain to the 
acceleration and time: 


Substitut ical val d 7 ; 7 
pans = values an Vv; - (9.81m/s )(9.68s) = 


(c) Using a constant-acceleration Ax 


or, because vp = 0 and a; = g, 
vy, = gt, 


equation, relate the time required to At=— 
; Vv 
stop the mass of rock and mud to its sad 
average speed and the distance it 
slides: 
Because the acceleration is constant: Vitv, v,+0_ Vv, 
ad 2 2 2 
Substitute to obtain: ke 2Ax 


68 Chapter 2 


Substitute numerical values and 2(8000 m) 
evaluate At: At = "95.0m/s = 
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Picture the Problem In the absence of air resistance, the brick experiences constant 
acceleration and we can use constant-acceleration equations to describe its motion. 
Constant acceleration implies a parabolic position-versus-time curve. 


(a) Using a constant-acceleration Y=Yo+vot++ (- g)t? 
equation, relate the position of the brick As 
to its initial position, initial velocity, =6m+ (5 m/ s)t 7 (4.91 m/ . )e 
acceleration, and time into its fall: 


The following graph of y = 6m+(5m/s)t— (4.91m/ Ss” \e? was plotted using a 
spreadsheet program: 


8 
L 
6 
5 

Ee, 

> 
3 
2 
1 
ie) 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

t (s) 
(b) Relate the greatest height h = yy + AVmax 


reached by the brick to its height 
when it falls off the load and the 
additional height it rises AYmax: 


Using a constant-acceleration Van = Vo + 2(— g)AYunax 
equation, relate the height 


. : or, because Vion = 0, 
reached by the brick to its yeaa 


aoe 4.5 
acceleration and initial velocity: O=Vvy + 2( g Jay max 
Solve for AYmax: 2 

7 AY max = ao 
2g 
Substitute numerical values and (5 a /s)? 


evaluate AYimax: Nie = 2(9.81 m/s" =1.27m 
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Substitute to obtain: h=y,+Ay,,,. =6m+1.27m= 


Note: The graph shown above confirms 
this result. 


solve for t in the equation 


(c) Using the quadratic formula, 
—V+,/V 
obtained in part (a): i= 


With Ybottom = 0 and yo = 6 m or t =| 1.73s | and t=—0.708 s. Note: The 
Ay = -—6m, we obtain: 


second solution is nonphysical. 


(d) Using a constant-acceleration v=/2gh 
equation, relate the speed of the 

brick on impact to its 

acceleration and displacement, 

and solve for its speed: 


Substitute numerical values and —_ 2(9.8 ian /s?\(7.27 m) = 


evaluate v: 
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Picture the Problem In the absence of air resistance, the acceleration of the bolt is 
constant. Choose a coordinate system in which upward is positive and the origin is at the 
bottom of the shaft (y = 0). 


(a) Using a constant-acceleration Vii =O 
equation, relate the position of the ‘ P 
bolt to its initial position, initial =Yy tvott5(-g)t 


velocity, and fall time: 


Solve for the position of the bolt Vo = —Vot tigt? 

when it came loose: 

Substitute numerical values and Y) =-(6m /s)(3 s) +4 (9.8 1m/s? )(@sy 
evaluate yo: 


- [2610] 


(b) Using a constant-acceleration v=v, +at 
equation, relate the speed of the bolt 

to its initial speed, acceleration, and 

fall time: 
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Substitute numerical values and v=6m/s— (9.8 1 m/s? )(@s) =~23.4m/s 
evaluate | : and 


b= [23.4m/s | 
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Picture the Problem In the absence of air resistance, the object’s acceleration is 
constant. Choose a coordinate system in which downward is positive and the origin is at 
the point of release. In this coordinate system, a = g and y = 120 m at the bottom of the 
fall. 


Express the distance fallen in the AY sastsecond = 120 m— Videticries 
last second in terms of the object’s 

position at impact and its position 

1 s before impact: 


: : : 7 a 
Using a constant acceleration 7 y=yyt+vot+tgt 
equation, relate the object’s position 


upon impact to its initial position, cy because yo and vo= a 


2 
initial velocity, and fall time: Y= Finn 
Solve for the fall time: ay 

Con = \ oO. 
Substitute numerical values and 2(1 20 m) 
evaluate tru: ton = ./—— > = 4-958 

mV 9.81m/s? 
We know that, one second before y(3.958) = 16.81 m/s?\3.95s)° 
impact, the object has fallen for 
3.95 s. Using the same constant- = 76.4m 
acceleration equation, calculate the 
object’s position 3.95 s into its fall: 
Substitute in equation (1) to obtain: A = = 

Yiastsecond = 120m — 76.4m =| 43.6m 
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Picture the Problem In the absence of air resistance, the acceleration of the object is 
constant. Choose a coordinate system with the origin at the point of release and 
downward as the positive direction. 


Using a constant-acceleration Vv; =Vo + 2aAy 
equation, relate the height to the 

initial and final velocities and the ‘ 
acceleration; solve for the height: — Ve_ (1) 


2g 


or, because vo = 0, 


Using the definition of average 
velocity, find the average velocity of 
the object during its final second of 
fall: 


Express the sum of the final velocity 
and the velocity 1 s before impact: 


From the definition of acceleration, 
we know that the change in velocity 
of the object, during 1 s of fall, is 
9.81 m/s: 


Add the equations that express the 
sum and difference of v¢_,, and vr 
and solve 

for v¢ 


Substitute in equation (1) and 
evaluate h: 
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_ Veas + Vp — Ay — 38m _ 


i: 38m/s 
2 At Is 


Vv 


Vers +V¢ = 2(38m/s)= 76m/s 


Av =v, —V;,, = 9.81 m/s 


—_ 76m/s +9.81m/s 
= 
2 


= 42.9m/s 


_ (42.9m/s) _ 
ha 2(0.81m/s") 


Picture the Problem In the absence of air resistance, the acceleration of the stone is 
constant. Choose a coordinate system with the origin at the bottom of the trajectory and 


the upward direction positive. Let v,_,,. be the speed one-half second before impact 


and v, the speed at impact. 


Using a constant-acceleration 
equation, express the final speed of 
the stone in terms of its initial speed, 
acceleration, and displacement: 


Solve for the initial speed of the 
stone: 


Find the average speed in the last 
half second: 


Using a constant-acceleration 
equation, express the change in 
speed of the stone in the last half 
second in terms of the acceleration 
and the elapsed time; solve for the 
change in its speed: 


V; =Vo + 2aAy 


vy =v? + 2gdy (1) 


= Ve-y2 + Ve = AXiast half second _ 45m 
a 2 At 0.5s 
= 90m/s 


and 


Ven + Vp = 2(90 m/s) =180m/s 


AV = Vp —Vpajo = gAt 
= (9.81m/s?)(0.5s) 
= 4.91m/s 
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Add the equations that express the 180m/s +4.91m/s 

sum and difference of vr_y, and vr Ve ) = 92.5m/s 

and solve for vg 

Substitute in equation (1) and V) = (92.5m/s) A 2(9.81m/s”) (- 200m) 


evaluate vo: 


=| 68.1m/s 


Remarks: The stone may be thrown either up or down from the cliff and the results 
after it passes the cliff on the way down are the same. 
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Picture the Problem In the absence of air resistance, the acceleration of the object is 
constant. Choose a coordinate system in which downward is the positive direction and the 
object starts from rest. Apply constant-acceleration equations to find the average velocity 
of the object during its descent. 


Express the average velocity of the Vy +V- 
falling object in terms of its initial Vay = 2 
and final velocities: 


Using a constant-acceleration gt’ 

equation, express the displacement Nido =, = +9 m=O Af 
of the object during the 1* second in 2 

terms of its acceleration and the 

elapsed time: 


Solve for the displacement to h=12.3m 
obtain: 
Using a constant-acceleration vy. _ Vo + 2gAy 


equation, express the final velocity 
of the object in terms of its initial 
velocity, acceleration, and Vv, = ¥2gAy 
displacement: 


Substitute numerical values and _ | 2 = 
evaluate the final velocity of the eae 9.81m/s (12.3m) =15.5my/s 


object: 


Substitute in the equation for the 0+15.5m/s 
average velocity to obtain: Vay = 5 =| 7.77m/s 
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Picture the Problem This is a three-part constant-acceleration problem. The bus starts 
from rest and accelerates for a given period of time, and then it travels at a constant 
velocity for another period of time, and, finally, decelerates uniformly to a stop. The 
pictorial representation will help us organize the information in the problem and develop 
our solution strategy. 


or, because vo = 0, 


= ii ! : 
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t=37s t=? 


2 
a= 1.5 m/s* 


x(0)=0 x(12 s) 


v(0) =0 v(12 s) 


(a) Express the total displacement of 
the bus during the three intervals of 
time. 


Using a constant-acceleration 
equation, express the displacement 
of the bus during its first 12 s of 
motion in terms of its initial 
velocity, acceleration, and the 
elapsed time; solve for its 
displacement: 


Using a constant-acceleration 
equation, express the velocity of the 
bus after 12 seconds in terms of its 
initial velocity, acceleration, and the 
elapsed time; solve for its velocity 
at the end of 12 s: 


During the next 25 s, the bus moves 
with a constant velocity. Using the 
definition of average velocity, 
express the displacement of the bus 
during this interval in terms of its 
average (constant) velocity and the 
elapsed time: 


Because the bus slows down at the 
same rate that its velocity increased 
during the first 12 s of motion, we 
can conclude that its displacement 
during this braking period is the 
same as during its acceleration 
period and the time to brake to a 
stop is equal to the time that was 
required for the bus to accelerate to 
its cruising speed of 18 m/s. Hence: 


Add the displacements to find the 
distance the bus traveled: 


a=0 a=-1.5 m/s? 
x(37s) x(?) 
v(37s) v(?)=0 
AX ora = Ax(0 > 12s) + Ax(12s > 37s) 
+ Ax(37s — end) 


Ax(0 > 12s)=v,t+4at? 
or, because Vo = 0, 
Ax(0 > 12s) =+4at? =108m 


Viog = Vp + Ay 412.At = (1.5 m/s? (12s) 
=18m/s 


Ax(12s + 37s) =v,,,At = (18m/s)(25s) 
= 450m 


Ax(37s —> 49s) = 108m 


AX 41 = 108m+450m+108m 


-[ 666m 


total 
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(b) Use the definition of average Ax 


ott _ 066m 
velocity to calculate the average Vay = a. = “Ade. =| 13.6m/s 


velocity of the bus during this trip: 


Remarks: One can also solve this problem graphically. Recall that the area under a 
velocity as a function-of-time graph equals the displacement of the moving object. 
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Picture the Problem While we can solve this problem analytically, there are many 
physical situations in which it is not easy to do so and one has to rely on numerical 
methods; for example, see the spreadsheet solution shown below. Because we’re 
neglecting the height of the release point, the position of the ball as a function of time is 
given by y=v,t —+gt > The formulas used to calculate the quantities in the columns are 
as follows: 


Cell Content/Formula Algebraic Form 

Bl 20 Vo 
[p2[ st S—C‘idLC(‘(‘éCW@ SC 

BS 0 t 

B6 B5+0.1 t+At 

C6 | $B$1*B6 — 0.5*$B$2*B62 | vt —1.gt? 


(a) 
A B C 
1 vO =|20 m/s 
2 g =|/9.81 m/s*2 
3 t height 
d (s) (m) 
5 0.0 0.00 
6 0.1 1.95 
i 0.2 3.80 
44 3.9 cee 
45 4.0 1,52 
46 41 —0.45 


The graph shown below was generated from the data in the previous table. Note that the 
maximum height reached is a little more than 20 m and the time of flight is about 4 s. 
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25 


20 


height (m) 
a 


= 
fo) 


o 


fo) 
a= 


2 3 4 
t (s) 


(b) In the spreadsheet, change the value in cell B1 from 20 to 10. The graph should 
automatically update. With an initial velocity of 10 m/s, the maximum height achieved is 
approximately 5 m and the time-of-flight is approximately 2 s. 


height (m) 
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Picture the Problem Because the accelerations of both Al and Bert are constant, 
constant-acceleration equations can be used to describe their motions. Choose the origin 
of the coordinate system to be where A1 decides to begin his sprint. 


(a) Using a constant-acceleration Ax = vot + 1 at? 
equation, relate Al's initial velocity, 

his acceleration, and the time to 

reach the end of the trail to his 
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displacement in reaching the end of 
the trail: 


Substitute numerical values to 
obtain: 


Solve for the time required for Al to 
reach the end of the trail: 


(b) Using constant-acceleration 
equations, express the positions of 
Bert and Al as functions of time. At 
the instant Al turns around at the 
end of the trail, t= 0. Also, x = 0 at 
a point 35 m from the end of the 
trail: 


Calculate Bert’s position at t = 0. 
At that time he has been running for 
10.4 s: 


Because Bert and Al will be at the 
same location when they meet, 
equate their position functions and 
solve for t: 


To determine the elapsed time from 
when Al began his accelerated run, 
we need to add 10.4 s to this time: 


(c) Express Bert’s distance from the 
end of the trail when he and Al 
meet: 


Substitute numerical values and 
evaluate deng of trail! 


35m = (0.75 m/s)t + 4(0.5m/s")t” 


t=| 10.4s 


Kee = ag (0.75m/s )t 


Bert 
and 


Rag = Xaio — (0.85 m/s)t 
= 35m-—(0.85 m/s)t 


Xpento = (0.75 m/s)(10.4 8) = 7.80 m 


7.80m +(0.75m/s)t = 35m — (0.85 m/s)t 
and 


t=17.0s 


tut =17.08+10.4s =| 27.48 


d ona of trail — af m— XBert,0 
= ne runs until he meets Al 
eer = 35 m— 7.80m 
—(17s)(0.75m/s) 


-[T45m) 
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Picture the Problem Generate two curves on one graph with the first curve representing 
Al's position as a function of time and the second curve representing Bert’s position as a 
function of time. Al’s position, as he runs toward the end of the trail, is given by 


Xay =Vot +a ait’ and Bert’s position by X,.., = Xo.pert + Veet - Al’s position, once he’s 


Bert 
reached the end of the trail and is running back toward Bert, is given 

by Xa) = Xaro + Va (t —10.5 s). The coordinates of the intersection of the two curves give 
the time and place where they meet. A spreadsheet solution is shown below. The formulas 
used to calculate the quantities in the columns are as follows: 


Cell Content/Formula Algebraic Form 
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Bl 0.75 Vo 
B2 0.50 dal 
B3 —0.85 t 
B10 B9 + 0.25 t+ At 
C10 | $B$1*B10 + 0.5*$B$2*B10%2 Vot + ta, t? 
C52 | $C$51 + $B$3*(B52 - $B$51) | x. +Vv,(t—-10.5s) 
F10 $F$9 + $B$1*B10 ee ae: 
(b) and (c) 
A B C D E F 
1 v0 = | 0.75 m/s 
2 a(Al) = | 0.5 m/s*2 
3 | vwAl) = | -0.85 m/s 
4 
5) t (s) x (m) x (m) 
6 
7 
8 Al Bert 
9 0.00 0.00 0.00 
10 0.25 0.20 0.19 
11 0.50 0.44 0.38 
49 10.00 32.50 7.50 
50 10.25 33.95 7.69 
51 10.50 35.44 * Al reaches 7.88 
52 10.75 35.23 end of trail 8.06 
53 11.00 35.01 and starts 8.25 
54 11.25 34.80 | back toward 8.44 
55 11.50 34.59 Bert 8.63 
56 11.75 34.38 8.81 
119 27.50 20.99 20.63 
120 27.75 20.78 20.81 
121 28.00 20.56 21.00 
122 28.25 20.35 21.19 
127 29.50 19.29 22.13 
128 29.75 19.08 22.31 
129 30.00 18.86 22.50 


TT. 


The graph shown below was generated from the spreadsheet; the positions of both Al and 


Bert were calculated as functions of time. The dashed curve shows AI’s position as a 
function of time for the two parts of his motion. The solid line that is linear from the 


origin shows Bert’s position as a function of time. 
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a 
(oe) 


wo 
oa 


wo 
(oe) 


N 
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R 
o 


Position on trail (m) 
N 
oO 


10 


t (s) 


Note that the spreadsheet and the graph (constructed from the spreadsheet data) confirm 
the results in Problem 85 by showing Al and Bert meeting at about 14.5 m from the end of 
the trail after an elapsed time of approximately 28 s. 
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Picture the Problem This is a two-part constant-acceleration problem. Choose a 
coordinate system in which the upward direction is positive. The pictorial representation 
will help us organize the information in the problem and develop our solution strategy. 


t=0 t=25s t=? 


> 
a= 20 m/s~ 


y(0) =0 y(25 s) Y max 
v(0) =0 v(25 s) ¥(2)=0 
(a) Express the highest point the h= DS gasks AN. dae 


rocket reaches, h, as the sum of its 
displacements during the first two 
stages of its flight: 


Using a constant-acceleration = 1 2 
equation, express the altitude “ststaxe = Xo VoE 2 Aistsane! 
reached in the first stage in terms of =+(20 m/s’)(25s) 
the rocket’s initial velocity, ~6250m 
acceleration, and burn time; 

solve for the first stage altitude: 

Using a constant-acceleration Vidus = Ve Ginwet 
equation, express the velocity of the 5 

rocket at the end of its first stage in = (20 m/s’ )(25 s) 
terms of its initial velocity, — 500 m/s 


acceleration, and displacement; 
calculate its end-of-first-stage 
velocity: 


Using a constant-acceleration 
equation, express the final velocity 
of the rocket during the remainder 
of its climb in terms of its shut-off 
velocity, free-fall acceleration, and 
displacement; solve for its 
displacement: 


Substitute in the expression for the 
total height to obtain: 


(b) Express the total time the 
rocket is in the air in terms of the 
three segments of its flight: 


Express Atona segment in terms of the 
rocket’s displacement and average 
velocity: 


Substitute numerical values and 
evaluate Atond segment! 


Using a constant-acceleration 
equation, relate the fall distance to 
the descent time: 


Solve for Atdescent! 


Substitute numerical values and 
evaluate Atgescent! 


Substitute and calculate the total 
time the rocket is in the air: 


(c) Using a constant-acceleration 
equation, express the impact 
velocity of the rocket in terms of its 
initial downward velocity, 
acceleration under free-fall, and 
time of descent; solve for its impact 
velocity: 
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2 2 
Vhighest point Vohutoft a 2 Gnd eek 2nd stage 
and, because Vpighest point = 9, 


mz Vas = (5 00m/ s) 


A = 
Y ondstage 9G 2(9.81m/s?) 
=1.2742x10*m 


h = 6250m+1.27x10* m =| 19.0km 


Ati otat = AL, sett climb ca Atond segment - AES ay 
= 25 S+ Atyna segment at AN en 
A _ Displacement 
ondseement “Average velocity 
1.2742x10* m 
Atond segment = = aU) S 
0+500m/s 
2 


2 
Ay = Vol a5 +g (Atsexcent 
or, because vo = 0, 


Ay = +9 (Abicsecs ,: 


INE a a 
Vg 
a(t. 10° ) 
en ase ye 
\  9.81m/s 


At = 25s +50.97s4+ 62.28 =138s 


= [Zin 5] 


V, = Vo oe GAC descent 


impact 
and, because Vo = 0, 


= gAt = (9.81m/s? }(62.2s) 


Vimpact 
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Picture the Problem In the absence of air resistance, the acceleration of the 
flowerpot is constant. Choose a coordinate system in which downward is 
positive and the origin is at the point from which the flowerpot fell. Let 

t = time when the pot is at the top of the window, and t + At the time when 
the pot is at the bottom of the window. To find the distance from the ledge 
to the top of the window, first find the time top that it takes the pot to fall to 


the top of the window. 


Using a constant-acceleration 
equation, express the distance y 
below the ledge from which the pot 
fell as a function of time: 


Express the position of the pot as it 
reaches the top of the window: 


Express the position of the pot as it 
reaches the bottom of the window: 


Subtract Ypottom ffoM Yop to obtain an 
expression for the displacement 
AYwindow Of the pot as it passes the 
window: 

Solve for tiop: 


Substitute numerical values and 
evaluate trop: 


Substitute this value for t,o, to obtain 
the distance from the ledge to the 
top of the window: 


ot 


y=yytvott+tat? 
Since a= g andv,=y, =0, 


y=4gt? 


_ 1 2 
Yop >= Deron 


Y bottom a +g (a a A ee y 
where At. =f t, 


‘window top “bottom 


AY window = 29 (a sk Seer ee ? = 


‘ | 
top 


=1g [2t,,,At non + (Ae nay is 


2AY window _ (At - y 
; : g window 
ep ZAC nase 
2(4m) 2 
—-—_+,—(0.2 
= 9.81m/s* ( ) 
we 2(0.2s) 


Voop = $(9.81 m/s?)(1.939 8)? = 


18.4m 


Picture the Problem The acceleration of the glider on the air track is constant. Its 
average acceleration is equal to the instantaneous (constant) acceleration. Choose a 
coordinate system in which the initial direction of the glider’s motion is the positive 


direction. 


Using the definition of acceleration, 
express the average acceleration of 
the glider in terms of the glider’s 
velocity change and the elapsed 
time: 


Av 
a, rons 
At 


Using a constant-acceleration 
equation, express the average 
velocity of the glider in terms of the 
displacement of the glider and the 
elapsed time: 


Solve for and evaluate the initial 
velocity: 


Substitute this value of vo and 
evaluate the average acceleration of 
the glider: 
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‘ AX _Vyt+V 
a * 2 


24x, 2100em) 15 cm/s) 
At 8s 


ee —15 cm/s — (40 cm/s) 
8s 


=| —6.88 cm/s” 


Vo 


Picture the Problem In the absence of air resistance, the acceleration of the rock is 
constant and its motion can be described using the constant-acceleration equations. 
Choose a coordinate system in which the downward direction is positive and let the 
height of the cliff, which equals the displacement of the rock, be represented by h. 


Using a constant-acceleration 
equation, express the height h of the 
cliffin terms of the initial velocity 
of the rock, acceleration, and time of 
fall: 


Using this equation, express the 
displacement of the rock during the 


a) first two-thirds of its fall, and 


b) its complete fall in terms of the 
time required for it to fall this 
distance. 


Substitute equation (2) in equation 
(1) to obtain a quadratic equation in 
t 

Solve for the positive root: 


Evaluate At=t+ 1s: 


Substitute numerical values in 
equation (2) and evaluate h: 


Ay =v,t+4at? 
or, because vp = 0, a =g, and Ay =h, 


h=1gt? 


h=1g(t+Is) (2) 


f=4si—2s =0 


t=4.45s 


At=4.45s+1s=5.45s 


h=4(9.81m/s?\(5.45s)’ =| 146m 
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Picture the Problem Assume that the acceleration of the car is constant. The total 
distance the car travels while stopping is the sum of the distances it travels during the 
driver’s reaction time and the time it travels while braking. Choose a coordinate system 
in which the positive direction is the direction of motion of the automobile and apply a 
constant-acceleration equation to obtain a quadratic equation in the car’s initial speed vo. 


(a) Using a constant-acceleration 
equation, relate the velocity of the 
car to its initial velocity, 
acceleration, and displacement 
during braking: 


Solve for the distance traveled 
during braking: 

Express the total distance traveled 
by the car as the sum of the distance 
traveled during the reaction time 
and the distance traveled while 
slowing down: 


Rearrange this quadratic equation to 
obtain: 


Substitute numerical values and 
simplify to obtain: 


Solve the quadratic equation for the 
positive root to obtain: 


Convert this speed to mi/h:: 


(b) Find the reaction-time distance: 


Express and evaluate the ratio of the 


reaction distance to the total distance: 


v? =vi + 2aAx,, 

or, because the final velocity is zero, 
2, 

0=v) +2adx,,, 


Vo 
aes 
2a 
AX ot = AX eact + AX nk 
2 
Vo 
= VoAt react = Aa 
2 _ 
Vy — 2A, nctVy + 2GAX,,, = 0 


vo = le 7m/s* \o.5 sv, 
+2(-7m/s” 4m) = 0 
or 


v, +(7m/s)v, —56m?/s? = 0 


V, = 4.7613558 m/s 


= (47613558mis)| 
0.477 m/s 
=| 10.7 mi/h 
INN = VAs 


= (4.76 m/s)(0.5s) = 2.38 m 


_ 2.38m _ 
4m 


0.595 
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Picture the Problem Assume that the accelerations of the trains are constant. Choose a 
coordinate system in which the direction of the motion of the train on the left is the 
positive direction. Take xo = 0 as the position of the train on the left at t = 0. 


Using a constant-acceleration 
equation, relate the distance the train 
on the left will travel before the 
trains pass to its acceleration and the 
time-to-passing: 

Using a constant-acceleration 
equation, relate the position of the 
train on the right to its initial 
velocity, position, and acceleration: 


Equate x, and xp and solve for t: 


Find the position of the train 
initially on the left, x,, as they pass: 


Remarks: One can also solve this 
problem by graphing the functions for 
xX; and xz. The coordinates of the 
intersection of the two curves give one 
the time-to-passing and the distance 
traveled by the train on the left. 
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xX, =40m-ta,t? 


= 40m —+(2.2m/s?)t? 


0.7t* = 40-1.1t? 


and 
t=4.71s 
x, =4(1.4m/s°)(4.718)° = 
xm 
x 
XR 
15.6 
we ts 


Picture the Problem In the absence of air resistance, the acceleration of the stones is 
constant. Choose a coordinate system in which the downward direction is positive and the 


origin is at the point of release of the stones. 


Using constant-acceleration 
equations, relate the positions of the 
two stones to their initial positions, 
accelerations, and time-of-fall: 


Express the difference between x, 
and x3: 


Substitute for x; and x, to obtain: 


x, =1g(t-1.6s)’ 


X,—-X%=36m 


36m =4gt? —Lg(t-1.6s) 
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Solve this equation for the time t at 
which the stones will be separated 


by 36 m: 


Substitute this result in the 
expression for x2 and solve for x2: 


#94 oe 


t=3.09 s 


x, = 4(9.81m/s?\3.09s—1.6s)° 


-[109%] 


Picture the Problem The acceleration of the police officer’s car is positive and constant 
and the acceleration of the speeder’s car is zero. Choose a coordinate system such that the 
direction of motion of the two vehicles is the positive direction and the origin is at the 


stop sign. 

Express the velocity of the car in 
terms of the distance it will travel 
until the police officer catches up to 
it and the time that will elapse 
during this chase: 


Letting t, be the time during which 
she accelerates and t, the time of 
travel at v; = 110 km/h, express the 
time of travel of the police officer: 


Convert 110 km/h into m/s: 


Express and evaluate t;: 


Express and evaluate d): 


Determine d)>: 


Express and evaluate tp: 


Express the time of travel of the car: 


ae 
Voar ~ 
tot 
Cofticer = & + €, 


v, = (110 km/h)(10° m/km)(1h/3600 s) 
= 30.6 m/s 


v, _ 30.6m/s 


6 Oils? =4.945 


{= 
a 


motorcycle 


d, =4vt, = 40.6 m/s)(4.94s) =75.6m 


4, = dosugm — 4, = 1400 m — 75.6 m 
=1324.4m 
t _d, _1324.4m _ 43.35 
v,  30.6m/s 


tear = 2.08 + 4.93 s+ 43.38=50.25 
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Finally, find the speed of the car: d 
i neue =27.9 m/s 
Bie 50.2 
= (27.9 m/s) _imi/h 
0.447 m/s 
=| 62.4mi/h 
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Picture the Problem In the absence of air resistance, the acceleration of the stone is 
constant. Choose a coordinate system in which downward is positive and the origin is at 
the point of release of the stone and apply constant-acceleration equations. 


Using a constant-acceleration he ot 

Gi _ 1 
equation, express the height of the 
cliff in terms of the initial position 
of the stones, acceleration due to 
gravity, and time for the first stone 
to hit the water: 


Express the displacement of the d.=v.t,.44 66 

tis 2 —~ Yor'2 T 2 G'o 
second stone when it hits the water 
in terms of its initial velocity, 
acceleration, and time required for it 
to hit the water. 


where t2 = t,; — 1.68. 


Because the stones will travel the 1 gf? = 1 Gg}? 
te 79Gb, =Vonl, + 7 Gly 
same distances before hitting the 
or 
water, equate h and d, and solve for 


‘ 1(9.81m/s’ )t? = (32m/s)(t, - 1.6s) 
++(9.81m/s”)(t, -1.68)° 


Solve for t; to obtain: t, =2.37s8 
Substitute for t; and evaluate h: 

Ee iE ae Rive ale h =+(9.81 m/s*)(2.37 s)’ =| 27.6m 
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Picture the Problem Assume that the acceleration of the passenger train is constant. Let 
Xp = 0 be the location of the passenger train engine at the moment of sighting the freight 
train’s end; let t = 0 be the instant the passenger train begins to slow (0.4 s after the 
passenger train engineer sees the freight train ahead). Choose a coordinate system in 
which the direction of motion of the trains is the positive direction and use constant- 
acceleration equations to express the positions of the trains in terms of their initial 
positions, speeds, accelerations, and elapsed time. 


(a) Using constant-acceleration iS (29 m/s \t +0.4 s) —tat? 
equations, write expressions for the 
positions of the front of the a (360 m)+ (6 m/s\(t +0.4s) 


passenger train and the rear of the where x, and x- are in meters if t is in 
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freight train, x, and x;, respectively: 


Equate x;= x, to obtain an equation 
for t: 


Find the discriminant 
(D =B- 4AC) of this equation: 


The equation must have real roots if 
it is to describe a collision. The 
necessary condition for real roots is 
that the discriminant be greater than 
or equal to zero: 


(b) Express the relative speed of the 
trains: 


Repeat the previous steps with 

a = 0.754 m/s’ and a 0.8 s reaction 
time. The quadratic equation that 
guarantees real roots with the longer 
reaction time is: 


Solve for t to obtain the collision 
times: 


Note that at t= 35.4 s, the trains 
have already collided; therefore this 
root is not a meaningful solution to 
our problem. 


Now we can substitute our value for 
t in the constant-acceleration 
equation for the passenger train and 
solve for the distance the train has 
moved prior to the collision: 


Find the speeds of the two trains: 


Substitute in equation (1) and 
evaluate the relative speed of the 
trains: 


seconds. 


Lat? —(23m/s)t +350.8m =0 


D=(23m/s)° — { £}50.8m) 


If (23 m/s)’ — a (701.6 m) > 0, then 


Vee Vig = V5 = Ve (1) 


rel 


1(0.754m/s)t? —(23m/s)t 
+341.6m=0 


t=25.6 sandt=35.4s 


Note: In the graph shown below, you will 
see why we keep only the smaller of the 
two solutions. 


Xp = (29 m/s)(25.6 s + 0.8 s) 
— (0.377 m/s’)(25.6 s)’ 
= 518m 


Up = Vop t at 
= (29 m/s) + (0.754 m/s’)(25.5 s) 
= 9.77 m/s 

and 


Ur Oe 6 m/s 


V.1 = 9.77 m/s - 6.00 m/s = | 3.77 m/s 


The graph shows the location of both trains as functions of time. The solid straight line is 
for the constant velocity freight train; the dashed curves are for the passenger train, with 
reaction times of 0.4 s for the lower curve and 0.8 s for the upper curve. 
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x (m) 


0.4 s reaction time 


Freight train 


——-—-0.8s reaction time 


0 10 20 30 40 
t (s) 
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Remarks: A collision occurs the first time the curve for the passenger train crosses 
the curve for the freight train. The smaller of two solutions will always give the time 


of the collision. 
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Picture the Problem In the absence of air resistance, the acceleration of an object near 


the surface of the earth is constant. Choose a coordinate system in which the upward 
direction is positive and the origin is at the surface of the earth and apply constant- 
acceleration equations. 


Using a constant-acceleration vy = Vo +2aAy 
equation, relate the velocity to the 


F : or, because v = 0 and a = — 
acceleration and displacement: : 9; 


0=v, —2gAy 
Solve for the height to which the v2 
‘ ‘ i : h =Ay= _ 07 
projectile will rise: y 
2g 
Substitute numerical values and 300 m/s)° 
evaluate h: h= ( I =| 4.59km 
29.81 m/s 
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Picture the Problem This is a composite of two constant accelerations with the 
acceleration equal to one constant prior to the elevator hitting the roof, and equal to a 
different constant after crashing through it. Choose a coordinate system in which the 
upward direction is positive and apply constant-acceleration equations. 


(a) Using a constant-acceleration y= Vo +2aAy 
equation, relate the velocity to the 


F or, because v = 0 and a = — 
acceleration and displacement: : 9; 


O=v, -2gAy 
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Solve for vo: 


Substitute numerical values and 
evaluate vo: 


(b) Find the velocity of the elevator 
just before it crashed through the 
roof: 


Using the same constant- 
acceleration equation, this time with 


Vo = 0, solve for the acceleration: 


Substitute numerical values and 
evaluate a: 
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Vy = 2gAy 


v, = /2(9.81m/s”)(10" m) =| 443 m/s 


Vp =2 x 443 m/s = 886 m/s 


v> = 2aAy 
2 
a _ (886mis)’ = 2.62 10° m/s” 
2(150m) 
=| 267g 


Picture the Problem Choose a coordinate system in which the upward direction is 
positive. We can use a constant-acceleration equation to find the beetle’s velocity as its 
feet lose contact with the ground and then use this velocity to calculate the height of its 


jump. 


Using a constant-acceleration 
equation, relate the beetle’s 
maximum height to its launch 
velocity, velocity at the top of its 
trajectory, and acceleration once it is 
airborne; solve for its maximum 
height: 


Because Vhighest point = 0: 


Now, in order to determine the 
beetle’s launch velocity, relate its 
time of contact with the ground to 
its acceleration and push-off 
distance: 


Substitute numerical values and 


2 
evaluate Visunch : 


Substitute to find the height to 
which the beetle can jump: 


2 2 
Vhighestpoint = Viaunch + 24AY free tatt 


= a + 2(- g Jn 


2 
h — Viaunch 


2g 


2 _.2 
Viaunch _ Vo + 2aAy launch 
or, because vo = 0, 

2 _ 
Viaunch — 2 aAy launch 


V2 inch = 2(400)(9.81 m/s? )(0.6x 10 m) 
= 47.1m?/s” 


2g 


Using a constant-acceleration 
equation, relate the velocity of the 
beetle at its maximum height to its 
launch velocity, free-fall 
acceleration while in the air, and 
time-to-maximum height: 


Solve for tmax height! 


For zero displacement and constant 
acceleration, the time-of-flight is 
twice the time-to-maximum height: 
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v=v,+at 
or 


Vmax. height = Viaunch — g L cae height 
and, because Vmax height = 9, 


0 = Viaunch -_ g Cas hei 


t _ Viaunch 

max height g 

t = ot = 2Visunch 
flight max. height g 


2(6.86 m/s) 
=] 14 
stmt L5| 


Picture the Problem Because its acceleration is constant we can use the constant- 
acceleration equations to describe the motion of the automobile. 


Using a constant-acceleration 
equation, relate the velocity to the 
acceleration and displacement: 


Solve for the acceleration a: 


Substitute numerical values and 
evaluate a: 


Express the ratio of a to g and then 
solve for a: 


Using the definition of average 
acceleration, solve for the stopping 
time: 


Substitute numerical values and 
evaluate At: 


Vv =v, +2a Ax 


or, because v = 0, 


O=vi +2aAx 
gee 

2Ax 
7 = ~L(98km/h)(L0°m/km (1h /3600 s)} 

2(50m) 
- [Tain 
2 
a a ges 
g  9.81m/s 
dy = au => At= zal 
At a 


av 


(—98km/h)(10° m/km)(1h/3600s) 
~7.41m/s” 


At = 


=| 3.678 
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Picture the Problem In the absence of air resistance, the puck experiences constant 
acceleration and we can use constant-acceleration equations to describe its position as a 
function of time. Choose a coordinate system in which downward is positive, the particle 
starts from rest (Vv, = 0), and the starting height is zero (yo = 0). 


Using a constant-acceleration -g -~g 
equation, relate the position of the i= = (at) = = (at) 
falling puck to the acceleration and 
the time. Evaluate the y-position at y,= i At) = “9 —=(4)( Aty 
successive equal time intervals At, 2 2 
2At, 3At, etc: 
ys =P Bat) =F oylat) 
yy =" (4at) =F 6)(at} 
etc. 
Evaluate the changes in those g r 
positions in each time interval: AY,) = Y, ~-9= a (At) 
Ay>, = -y,==2 es) = 3AYo 
AY3. = -y, = 2 fa) = SAY, 
AY43 = Y4—Y3 = {=£\o0) = TAY, 
etc. 
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Picture the Problem Because the particle moves with a constant acceleration we can use 
the constant-acceleration equations to describe its motion. A pictorial representation will 
help us organize the information in the problem and develop our solution strategy. 


t=0 t=4s t=6s 
x(0) x(4s)=100m x(6s) 
v(0) v(4 s) v(6s)=15 m/s 
f ° 2 —>e x,m 
0 100 
a=3m/s? 
: ' F 4 
Using a constant-acceleration X=X,+vot +4at 


equation, find the position x at 
t= 6s. To find x at t=6s, we first 
need to find vo and xo: 
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Using the information that when x(4 s) =100m 

t=4s,x= 100 m, obtain an Z 5 

equation in Xo and vo: =X) + Vo (4 s) +z G m/s la s) 
or 


x, +(4s)v, = 76m 


Using the information that when v(6 s) =v, + (3 m/s” \(6 s) 
t=6s, v= 15 m/s, obtain a second 


equation in Xo and vo: 


Solve for vp to obtain: Vo = —3 m/s 


Substitute this value for vo in the Xo = 88 m 
previous equation and solve for xo: 


Substitute for xo and vo and evaluate x att=6s: 


x(6s) = 88m +(-3m/s) (6s)+4(3 m/s?) (6s) =| 124m | 
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Picture the Problem We can use constant-acceleration equations with the final velocity 
v = 0 to find the acceleration and stopping time of the plane. 


(a) Using a constant-acceleration v= Vo +2aAx 
equation, relate the known velocities 
to the acceleration and displacement: 


Solve for a: _ v = _ av 
2Ax  2Ax 

Substitute numerical values and “AGOnaay 

evaluate a: a= =(60n/s)’ =| —25.7m/s’ 
2(70m) 

(b) Using a constant-acceleration v=v, t+aAt 


equation, relate the final and initial 
speeds of the plane to its 
acceleration and stopping time: 


Solve for and evaluate the stopping V-v 0-60 m/s 
. At = i =| 2.338 
104 + 


Picture the Problem This is a multipart constant-acceleration problem using three 
different constant accelerations (+2 m/s’ for 20 s, then zero for 20 s, and then —3 m/s” 
until the automobile stops). The final velocity is zero. The pictorial representation will 
help us organize the information in the problem and develop our solution strategy. 
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t=0 t=20s t=40s t=? 

+ = 3 + + é 4 x 
x(0) =0 x(20 s) x(40 s) x(?) 
v(0) =0 v(20 s) v(40 s) v(?) 


Add up all the displacements to get 
the total: 


Using constant-acceleration 
formulas, find the first 
displacement: 


The speed is constant for the second 
displacement. Find the 
displacement: 


Find the displacement during the 
braking interval: 


Add the displacements to get the 
total: 


AXo3 = AXy, + AX, + Ax, 


_ 1 2 
AXo, = Vot, + 5 Apt; 


= 0+ 5(2m/s*)(20s)* = 400m 


AX, = vi(t, = t,) 
where v, =V, + dt, =0+a),t, and 
AXiy = Apt, (t, —t,) 

=(2 m/s’ )(20 s)(20s) = 800 m 


V; =v; + 2a,,Ax,, 
where v, =v, = @),t, and v, = 0 and 
0° —(a,t,) _ —[(2 m/s)(20s)]? 


Mos = 2d. 2(-3m/ s”) 


AX; = AX, + AX,, + Ax,; = 1467 m 


=|1.47km 


Remarks: Because the area under the curve of a velocity-versus-time graph equals 
the displacement of the object experiencing the acceleration, we could solve this 
problem by plotting the velocity as a function of time and finding the area bounded 


by it and the time axis. 
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Picture the Problem Note: No material body can travel at speeds faster than light. When 
one is dealing with problems of this sort, the kinematic formulae for displacement, 
velocity and acceleration are no longer valid, and one must invoke the special theory of 
relativity to answer questions such as these. For now, ignore such subtleties. Although 
the formulas you are using (i.e., the constant- acceleration equations) are not quite 
correct, your answer to part (b) will be wrong by about 1%. 


(a) This part of the problem is an exercise in the conversion of units. Make use of the fact 


that 1 c-y = 9.47x10" mand 1 y =3.16x10’ s: 


Ic-y 
= (9.8 1m/s” 
g ( : (oe 


I" 


2 
‘oP | : 


(b) Let t)2 represent the time it takes 
to reach the halfway point. Then the 
total trip time is: 


Use a constant- acceleration 
equation to relate the half-distance 
to Mars Ax to the initial speed, 
acceleration, and half-trip time ty). : 


Because vp = 0 and a = g: 


The distance from Earth to Mars at 
closest approach is 7.8 x 10'° m. 
Substitute numerical values and 
evaluate t12: 


Substitute for t),. in equation (1) to 
obtain: 
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t=2 tip (1) 


Ax =vot + taty), 


2Ax 
ti Sg 
10 
ths = 2(3.9%10" m) =~8.92x104s 
\  9.81m/s 


t = 2(8.92x10*s)=1.78x10°s =| 2d | 


Remarks: Our result in part (b) seems remarkably short, considering how far Mars 


is and how low the acceleration is. 
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Picture the Problem Because the elevator accelerates uniformly for half the distance and 
uniformly decelerates for the second half, we can use constant-acceleration equations to 


describe its motion 


Let t12 = 40 s be the time it takes to 
reach the halfway mark. Use the 
constant-acceleration equation that 
relates the acceleration to the known 
variables to obtain: 


Solve for a: 


Substitute numerical values and 
evaluate a: 


107 


Ay = vot + 4+at? 


or, because Vo = 0, 


Ay = tat? 
2A 

a= = 
ti)> 


_ 2(4)(1173ft)(1m0/3.281 ft) _ nore 


(40s) 


~ [a6 


Picture the Problem Because the acceleration is constant, we can describe the motions 
of the train using constant-acceleration equations. Find expressions for the distances 
traveled, separately, by the train and the passenger. When are they equal? Note that the 
train is accelerating and the passenger runs at a constant minimum velocity (zero 
acceleration) such that she can just catch the train. 
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PL 


p” to refer to the train and the 
passenger and the subscript "c” to 
identify “critical” conditions, 
express the position of the train and Ave (¢,.) = Vs (t, e. At) 


the passenger: 


1. Using the subscripts “train” and fal 
ee ) = 


and 


Express the critical conditions that 
must be satisfied if the passenger is 


Virain,e ei Vo. 


to catch the train: and 
Xtrain,c Xnc 
2. Express the train’s average O+Visinc  Verain.e 
velocity. V,, (0 to t,) = 5 a > : 
3. Using the definition of average Ax 0 Xa. Xie 
loci vint Vea ap = mare 
velocity, express Vay in terms of Xp, Me O04 i 
and t,. c c 
4. Combine steps 2 and 3 and solve Vietn ate 
for Xp.c. Xe a 
5. Combine steps | and 4 and solve Viscucte 
for tc Vpe(t, —At) = 
2 
or 
t 
t, —At = 
2 
and 


t,=2 At=2(6s)=12s 


6. Finally, combine steps | and 5 ViSVeewedate = (0.4 m/s? \12s) 
and solve for Virain, c- , 


=| 4.80 m/s 


The graph shows the location of both the passenger and the train as a function of time. 
The parabolic solid curve is the graph of Xtain(t) for the accelerating train. The straight 
dashed line is passenger's position x,(¢) if she arrives at At = 6.0 s after the train departs. 
When the passenger catches the train, our graph shows that her speed and that of the train 
must be equal (v =V,,,). Do you see why? 


train,c 
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Train 


‘Passenger |_| 


x (m) 
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Picture the Problem Both balls experience constant acceleration once they are in flight. 
Choose a coordinate system with the origin at the ground and the upward direction 
positive. When the balls collide they are at the same height above the ground. 


Using constant-acceleration 
equations, express the positions of 
both balls as functions of time. At 
the ground y = 0. 


The conditions at collision are that 
the heights are equal and the 
velocities are related: 


Express the velocities of both balls 
as functions of time: 


Substituting the position and 
velocity functions into the 
conditions at collision gives: 


We now have two equations and 
two unknowns, t, and vo. Solving the 
equations for the unknowns gives: 


Substitute the expression for t, into 
the equation for y, to obtain the 
height at collision: 


Ya =h-4gt? 
and 

Yp =Vol—7 gt” 
Ya =Yp 

and 

V, =—2V, 

vy, =—gt 

and 

Vz =V, —gt 


h-3gt, =Vol. —39t, 
and 


= gt, = —2(v, ~ gt.) 


where ft, is the time of collision. 


a= ee and v, = [me 
3g 2 


2h 2h 
yy=h bo |- 


3 


96 Chapter 2 


Remarks: We can also solve this problem graphically by plotting velocity- versus- 
time for both balls. Because ball A starts from rest its velocity is given byv, = —gt. 
Ball B initially moves with an unknown velocity vgo and its velocity is given 

byV, =Vz. — gt . The graphs of these equations are shown below with T 
representing the time at which they collide. 


v 


VD, 
“Bo 


Vg = Upo-St 


The height of the building is the sum of the sum of the distances traveled by the 
balls. Each of these distances is equal to the magnitude of the area "under" the 
corresponding v-versus-t curve. Thus, the height of the building equals the area of 
the parallelogram, which is vgoT. The distance that A falls is the area of the lower 
triangle, which is (1/3) vgoT. Therefore, the ratio of the distance fallen by A to the 
height of the building is 1/3, so the collision takes place at 2/3 the height of the 
building. 
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Picture the Problem Both balls are moving with constant acceleration. Take the origin 
of the coordinate system to be at the ground and the upward direction to be positive. 
When the balls collide they are at the same height above the ground. The velocities at 
collision are related by va = 4vz. 


Using constant-acceleration ¥,=h=s gt? 
: se A 2 
equations, express the positions of 
both balls as functions of time: and 
= 1 py? 
Yg =Vol—zgt 
The conditions at collision are that Vie 5 


the heights are equal and the 


velocities are related: and 
Vv, =4v, 
Express the velocities of both balls v, =—gt andv, =v, —gt 


as functions of time: 


Substitute the position and velocity 
functions into the conditions at 
collision to obtain: 


We now have two equations and 
two unknowns, t, and vo. Solving the 
equations for the unknowns gives: 


Substitute the expression for t, into 
the equation for y, to obtain the 


height at collision: 
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h—4gt; =Vvot, —7 gt. 
and 


> gt, = Aly, ~ gt.) 


where t, is the time of collision. 


i= au and v, me ela 
3g 4 


Determine the Concept The problem describes two intervals of constant acceleration; 
one when the train’s velocity is increasing, and a second when it is decreasing. 


(a) Using a constant-acceleration 
equation, relate the half-distance Ax 
between stations to the initial speed 
Vo, the acceleration a of the train, 
and the time-to-midpoint At: 


Solve for At: 


Substitute numerical values and 
evaluate the time-to-midpoint At: 


Ax = v,At +4a(Aty 
or, because vo = 0, 


Ax = La(At) 
Ax 
ee 
Va 
At = 2(450m) _ 59 95 
\ 1m/s 


Because the train accelerates uniformly and from rest, the first part of its velocity 
graph will be linear, pass through the origin, and last for 30 s. Because it slows 
down uniformly and at the same rate for the second half of its journey, this part of 
its graph will also be linear but with a negative slope. The graph of v as a function 


of t is shown below. 
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v (m/s) 
R 
a 


(b) The graph of x as a function of t is obtained from the graph of v as a function 
of t by finding the area under the velocity curve. Looking at the velocity graph, 
note that when the train has been in motion for 10 s, it will have traveled a 
distance of 


4(10s)(10m/s) = 50m 


and that this distance is plotted above 10 s on the following graph. 


xX (m) 


[o) 
b 
(o) 
N 
(o) 
wo 
jo) 
& 
jo) 
a 
[o) 
a 
[o) 


t (s) 


Selecting additional points from the velocity graph and calculating the areas under the 
curve will confirm the graph of x as a function of t that is shown. 
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Picture the Problem This is a two-stage constant-acceleration problem. Choose a 
coordinate system in which the direction of the motion of the cars is the positive 
direction. The pictorial representation summarizes what we know about the motion of the 
speeder’s car and the patrol car. 
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saya Xs,2 
ma Uso = 125 km/h Vey = 125km/h ane Vs2 = 125 km/h 
ty =0 ty 
Ago, = 0 M5 12 = 0 - 
+ + x 
0 Apo, = 2.22 m/s? p32 = 0 2 
Xpp =O Xpo 
Upp = 0 ss Vp; = 190 km/h a Vp? = 190 km/h 
sidihe coclemtonortiepdiccat~ 8 8 Xe Danie 
P h-s h-s 3600s 
into SI units: ‘ ‘ i 
m m 
125 =125 x = 34.7 m/s, 
h h 3600s 
and 
km km th 
190 =190 x = 52.8m/s 
h h 3600s 


(a) Express the condition that 
determines when the police car 
catches the speeder; i.e., that their 
displacements will be the same: 


Using a constant-acceleration 
equation, relate the displacement of 
the patrol car to its displacement 
while accelerating and its 
displacement once it reaches its 
maximum velocity: 


Using a constant-acceleration 
equation, relate the displacement of 
the speeder to its constant velocity 
and the time it takes the patrol car to 
catch it: 


Calculate the time during which the 
police car is speeding up: 


AXxp.02 = Axs.02 


AXp 07 = AXpo1 + AXp 19 
= AXxp 9, + Veill = t,) 


Axo. = Vs oo Ato 
= (34.7 mis)t, 


Ricca AVpo1 _ Vp — Veo 
Pol — ey 


P01 Ap 01 
_ 52.8m/s —0 


Spa 
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Express the displacement of the AXinp = Voy Att Gags At; - 
patrol car: : ee , , ; 
=0+4(2.22m/s?)(23.88) 
= 629m 
Equate the displacements of the two Ds = AR yy HONS 
vehicles: : / 
= AXp 9) + Vpalt - t,) 
= 629m +(52.8m/s)(t, —23.8s) 
Solve for the time to catch up to (34.7 m/s) tf} = 629 m 
obtain: + (52.8 m/s)(t, — 23.8 s) 
(b) The distance traveled is the AXs 92 = Vg.orAto) = (34.7 m/s\34.7 s) 
displacement, Axo25, of the speeder 
during the catch: =| 1.20km 


(c) The graphs of xs and xp are shown below. The straight line (solid) represents x¢(t) and 
the parabola (dashed) represents xp(t). 


1400 
1200 

Speeder 
1000 = = = Officer 


xX (m) 


112 

Picture the Problem The accelerations of both cars are constant and we can use 
constant-acceleration equations to describe their motions. Choose a coordinate system in 
which the direction of motion of the cars is the positive direction, and the origin is at the 
initial position of the police car. 


(a) The collision will not occur if, Axp — Axs < 100 m. 
during braking, the displacements of 

the two cars differ by less than 

100 m. 


Using a constant-acceleration 
equation, relate the speeder’s initial 
and final speeds to its displacement 
and acceleration and solve for the 
displacement: 


Substitute numerical values and 
evaluate Ax,: 


Using a constant-acceleration 
equation, relate the patrol car’s 
initial and final speeds to its 
displacement and acceleration and 
solve for the displacement: 


Substitute numerical values and 
evaluate Ax,: 


Finally, substitute these 
displacements into the inequality 
that determines whether a collision 
occurs: 


(b) Using constant-acceleration 
equations, relate the positions of 
both vehicles to their initial 
positions, initial velocities, 
accelerations, and time in motion: 


Equate these expressions and solve 
for t: 
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D9) 
V, =Vo, + 2a, Ax, 


or, because v, = 0, 


2_.2 
V, =Vo5 + 2a,Ax, 


Ax. = Yon 
Da 
2 
po me) page 
2\— 6 m/s 


232 m— 100m= 132m 
Because this difference is greater than 


100 m,| the cars collide |. 


x, = 100m + (34.7 m/s)t — (3m/s?)t? 
and 
xp = (52.8m/s)t — (3 m/s? }t? 


100 m + (34.7 m/s) t— (3 m/s’) ? 
= (52.8 m/s) t— (3m/s’) ¢ 


and 


t=| 5.52s 


©) If you take the reaction time into account, the collision will occur 
c 

sooner and be more severe. 
113° es 
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Picture the Problem Lou’s acceleration is constant during both parts of his trip. Let ty 

be the time when the brake is applied; L; the distance traveled from t= 0 tot=t;. Let tn 
be the time when Lou's car comes to rest at a distance L from the starting line. A pictorial 
representation will help organize the given information and plan the solution. 
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(a) Express the total length, L, of the L=AxXo, + Axi 
course in terms of the distance over 

which Lou will be accelerating, 

Axo,, and the distance over which he 

will be braking, Ax;2: 


Express the final velocity over the V, = Vo +2a,, Ax, 
first portion of the course in terms 


of the initial velocity, acceleration, or, because vo = 0, Axo: = Li, and 


and displacement; solve for the do = a, : ; 
displacement: Vee Ay 
Ax, =£,=—-=—~ 
2a 2a 
Express the final velocity over the v3 = Vv? +2a,,Ax,, 


second portion of the course in 


ees : r a =0 an =-2a 
terms of the initial velocity, DENDSCAUS vara anes ; 


2 
acceleration, and displacement; Meee pee L, 
solve for the displacement: Me ae 
Substitute for Axo, and Ax}, to L=Ax,, + Ax, =L, + +L, = 3L 
obtain: and 


(b) Using the fact that the 

acceleration was constant during Vay,01 = Vav.12 = ee 
both legs of the trip, express Lou’s 

average velocity over each leg: 


Express the time for Lou to reach ine 
his maximum velocity as a function Ato, = “5 
of L, and his maximum velocity: ee ri 

and 

At), «L, = —L 
Having just shown that the time _| 2 

C=| olen 


required for the first segment of the 
trip is proportional to the length of 
the segment, use this result to 
express Ato; (= t;) in terms tfn: 
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Picture the Problem There are three intervals of constant acceleration described in this 
problem. Choose a coordinate system in which the upward direction (shown to the left 
below) is positive. A pictorial representation will help organize the details of the problem 


and plan the solution. 


fo A, =-8 = M9 = 15 m/s? ees, ay, =0 fs 
y —— => = 
—S 
0 1 2 = 3 
Yo = 575 m Wy Y> Yy3=0 
Vp = 0 r%, v,=5m/s v;=5m/s 


(a) The graphs of a(t) (dashed lines) and v(t) (solid lines) are shown below. 


v (m/s) anda (m/s‘2) 


Velocity 
= Acceleration 


8 10 12 14 16 
t (s) 


(b) Using a constant-acceleration 
equation, express her speed in terms 
of her acceleration and the elapsed 
time; solve for her speed after 8 s of 
fall: 


(c) Using the same constant- 
acceleration equation that you used 
in part (b), determine the duration of 
her constant upward acceleration: 


(d) Find her average speed as she 
slows from 78.5 m/s to 5 m/s: 


V, =Vp + y,t, 
=0+(9.81m/s?\(8s) 


-[78 5m] 


v, =v, +a,,At,, 
Vee sal 5 m/s —(—78.5 m/s) 
Gli 15m/s* 


=| 4.90s 


_vtv, _ 78.5m/s+5m/s 


Vay 
2 2 
=41.8m/s 
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Use this value to calculate how far 
she travels in 4.90 s: 


(e) Express the total time in terms of 
the times for each segment of her 
descent: 


We know the times for the intervals 
from 0 to | and 1 to 2 so we only 
need to determine the time for the 
interval from 2 to 3. We can 
calculate At); from her displacement 
and constant velocity during that 
segment of her descent. 


Add the times to get the total time: 


(f) Using its definition, calculate her 
average velocity: 


AY = VyyAt;> = (41.8 m/s)\(4.90s) 
= 204m 


She travels 204m while slowing 


down. 


Cota = Aly, + At,, + At, 


AY»; = AYtotaa — AYor — AVin 
mam 


-575m-[ 8s)—204m 


=57.0m 


Cotat = fo th. +b; 


=85+4.95+ _ 


=| 243s 

Ax —1500m 
Vo= = =| —7.18m/ 
oar 


total 


Ss 


Integration of the Equations of Motion 
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Picture the Problem The integral of a function is equal to the "area" between the curve 
for that function and the independent-variable axis. 


(a) The graph is shown below: 


35 


30 


v (m/s) 


t (s) 


The distance is found by 
determining the area under the 
curve. You can accomplish this 
easily because the shape of the 
area under the curve is a 
trapezoid. 


Alternatively, we could just count 
the blocks and fractions thereof. 


(b) To find the position function 
x(t), we integrate the velocity 
function v(t) over the time 
interval in question: 


Now evaluate x(t) at 0s and 5s 
respectively and subtract to obtain 
Ax: 
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A = (36 blocks)(2.5 m/block) = 


or 


aq( Batam ss —0s)= 90m 


There are approximately 36 blocks each 
having an area of (5 m/s)(0.5 s) = 2.5 m. 


v(t')de' 


[(6 m/s? )t'+@ m/s) de 


and 


x(t) = (3 m/s? Jt? + (3 m/s)t 


Ax = x(5s)—x(0s)=90 m—Om 


=| 90.0m 


Picture the Problem The integral of v(t) over a time interval is the displacement (change 
in position) during that time interval. The integral of a function is equivalent to the "area" 
between the curve for that function and the independent-variable axis. Count the grid 


boxes. 


(a) Find the area of the shaded 
gridbox: 


(b) Find the approximate area under 
curve forls<t<2s: 


Find the approximate area under 
curve for2s<t<3s: 


(c) Sum the displacements to 
obtain the total in the interval 
Ils<t<3s: 


Using its definition, express and 
evaluate Vay: 


(d) Because the velocity of the 
particle is dx/dt, separate the 


Area = (1 m/s)(1s)=| 1m per box 


AX} 5102s = 1.2m 


AX) 5103.5 = 3.2m 


AX1 sto3s = 12m+3.2m 
=4.4m 


_ Ax 
av At 


44m _ 
2s 


Isto3s _ 


Vv 2.20 m/s 


Is to3s 


dx = (0.5m/s’ Jat 


so 
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variables and integrate over the 
interval 1 s <t <3 s to determine the 
displacement in this time interval: 


Calculate the average velocity over 
the 2-s interval from 1 s to 3 s: 


Calculate the initial and final 
velocities of the particle over the 
same interval: 


Finally, calculate the average value 


of the velocities att= 1s andt=3s: 


Ax 


Is—3s 


- fax - (o.smis') fe" dt' 
Is 


Xo 


: 3s 
= (0.5m/s° i =| 4.33m 
sme’ 


Is 


This result is a little smaller than the sum 
of the displacements found in part (b). 


Ax 
Vie = pe eet 2.17m/s 
At 2s 


Is—3s 


v(Is)= (0.5 m/s’ \1s)? =0.5m/s 
v(3s)= (0.5 m/s° \3s)° =4.5m/s 


v(1s)+v(3s) 7 0.5 m/s + 4.5 m/s 
2 2 
= 2.50 m/s 


This average is not equal to the average 
velocity calculated above. 


Remarks: The fact that the average velocity was not equal to the average of the 
velocities at the beginning and the end of the time interval in part (d) is a 
consequence of the acceleration not being constant. 
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Picture the Problem Because the velocity of the particle varies with the square of the 
time, the acceleration is not constant. The displacement of the particle is found by 


integration. 


Express the velocity of a particle as 
the derivative of its position 
function: 


Separate the variables to obtain: 


Express the integral of x from x, = 0 
to x and t from tp = 0 to t: 


Substitute for v(t’) to obtain: 


x(t) = fle m/s° er (5 m/s) dt' 


ty=0 


=| m/s’)? —(Sm/s)t 
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Picture the Problem The graph is one of constant negative acceleration. Because 


Vx = V(t) is a linear function of t, we can make use of the slope-intercept form of the 
equation of a straight line to find the relationship between these variables. We can then 
differentiate v(t) to obtain a(t) and integrate v(t) to obtain x(t). 


Find the acceleration (the slope of the 
graph) and the velocity at time 0 (the 


v-intercept) and use the slope- 
intercept form of the equation of a 
straight line to express v,(t): 


Find x(t) by integrating v(t): 


Using the fact that x = 0 when t = 0, 
evaluate C: 


Substitute to obtain: 


a=-10m/s* 


v,(t) = 50 m/s + (-10 m/s”)t 


x(t)= [ [Clomis?)c+50mis|at 
= (50m/s)t — (5 m/s” \e? +C 
0 = (50m/s(0)—(5m/s? (0) +C 


and 
C=0 


x(t) = (50 m/s)t — (5 m/s? Jt? 


Note that this expression is quadratic in t 
and that the coefficient of t? is negative and 
equal in magnitude to half the constant 
acceleration. 


Remarks: We can check our result for x(é) by evaluating it over the 10-s interval 
shown and comparing this result with the area bounded by this curve and the time 


axis. 
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Picture the Problem During any time interval, the integral of a(t) is the change in 
velocity and the integral of v(t) is the displacement. The integral of a function equals the 
"area" between the curve for that function and the independent-variable axis. 


(a) Find the area of the shaded 
grid box in Figure 2-37: 


(b) We start from rest (v, = 0) at 
t=0. For the velocities at the other 
times, count boxes and multiply by 
the 0.25 m/s per box that we found 
in part (a): 


Area = (0.5 m/s”)(0.5 s) 


= | 0.250 m/s per box 


Examples: 
v(1 s) = (3.7 boxes)[(0.25 m/s)/box] 


- [0925 mis 


v(2 s) = (12.9 boxes)[(0.25 m/s)/box] 


=| 3.22 m/s 


and 
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v(3 s) = (24.6 boxes)[(0.25 m/s)/box] 


- [6.15mi] 


(c) The graph of v as a function of t is shown below: 


) 
) 0.5 1 15 2 25 3 
t (s) 
Area = (1.0 m/s)(1.0 s) = 1.0 m per box 
Count the boxes under the v(t) curve x(3 s) = Ax(0 +3 s) 


to find the distance traveled: 


= (7boxes)|(1.0m)/ box | 
-[700m 
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Picture the Problem The integral of v(t) over a time interval is the displacement (change 
in position) during that time interval. The integral of a function equals the "area" between 
the curve for that function and the independent-variable axis. Because acceleration is the 
slope of a velocity versus time curve, this is a non-constant-acceleration problem. The 
derivative of a function is equal to the "slope" of the function at that value of the 
independent variable. 


(a) To obtain the data for x(t), we must estimate the accumulated area under the v(t) curve 
at each time interval: 


Find the area of a shaded grid box A=(1 m/s)(0.5 s) = 0.5 m per box. 

in Figure 2-38: 

We start from rest (Vv. = 0) at t.= 0. Examples: 

For the position at the other times, 0.5m 

count boxes and multiply by the x(3s) = (25.8 boxes ee +5m 
0.5 m per box that we found above. 

Remember to add the offset from =17.9m 

the origin, x, = 5 m, and that boxes 0.5m 

below the v = 0 line are counted as x(5 s) = (48.0boxes)/ b +5m 
negative: = 


= 29.0m 
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x(10s) = (51.0 boxes)( $5" 


Ox 
7 (36.0boxes) 9 =) +5m 
Ox 
=12.5m 
A graph of x as a function of t follows: 
35 
30 
25 
A 20 
~ 15 
10 
5 
0 
0 2 6 8 10 
t (s) 
(b) To obtain the data for a(t), we Examples: 
must estimate the slope (Av/At) of oe v(1 25 s)- v(0.75 s) 
the v(t) curve at each time. A good a( s) = 0.58 
way to get reasonably reliable 
readings from the graph is to = 4.9 m/s — 3.0 m/s Rie 
enlarge several fold: 0.58 
.25s)—v\5. 
a(6s)= v(6.25s)—v(5.75s) 
0.5s 
—1.7m/s —0.4m/s Aas 
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A graph of a as a function of t follows: 


6 


4 


a (m/s‘2) 
° 


(=) 
N 
& 
[op] 
[oe] 
S 


t (s) 


*121 
Picture the Problem Because the position of the body is not described by a parabolic 
function, the acceleration is not constant. 


Select a series of points on the graph of x(t) (e.g., at the extreme values and where 
the graph crosses the t axis), draw tangent lines at those points, and measure their 
slopes. In doing this, you are evaluating v = dx/dt at these points. Plot these slopes 
above the times at which you measured the slopes. Your graph should closely 
resemble the following graph. 


< 
o ® KY ONY BF OD & 


Select a series of points on the graph of v(t) (e.g., at the extreme values and where the 
graph crosses the t axis), draw tangent lines at those points, and measure their slopes. In 
doing this, you are evaluating a = dv/dt at these points. Plot these slopes above the times 
at which you measured the slopes. Your graph should closely resemble the graph shown 
below. 


Motion in One Dimension 111 


15 


10 


-10 


-15 


0.5 
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Picture the Problem Because the acceleration of the rocket varies with time, it is not 
constant and integration of this function is required to determine the rocket’s velocity and 
position as functions of time. The conditions on x and v at t= 0 are known as initial 


conditions. 


(a) Integrate a(t) to find v(t): 


Integrate v(t) to find x(t): 


Using the initial conditions, find the 
constants C and D: 


(b) Evaluate v(5 s) and x(5 s) with 
C=D=0andb=3 m/s’: 
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v(t) = fa(t) dt =btdt =4bt? +C 


where C, the constant of integration, can be 
determined from the initial conditions. 


x(t) = | v(t)dt = [be +C]at 
=tbt?+Ct+D 


where D is a second constant of 
integration. 


v(0)=0 > C=0 
and 
x(0)=0 > D=0 


v(5s)= 5 (bnms*)(55) =| 37.5 m/s 


and 


x(5s)= = (mis (5s) =| 625m 


Picture the Problem The acceleration is a function of time; therefore it is not constant. 
The instantaneous velocity can be determined by integration of the acceleration and the 
average velocity from the displacement of the particle during the given time interval. 
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(a) Because the acceleration is the 
derivative of the velocity, integrate 
the acceleration to find the 
instantaneous velocity v(t). 


Calculate the instantaneous velocity 
using the acceleration given. 


(b) To calculate the average 
velocity, we need the displacement: 


Because the velocity is the 
derivative of the displacement, 
integrate the velocity to find Ax. 


Using the definition of the average 
velocity, calculate Vay. 


124 = 


ty =0 


x(t)=(0.1m/s*) fee dt' =(0. imis Jo 
and a 


Ax = x(78)— x(28) 
= (0.1m?) C828) 
3 


=11.2m 


Ax 11.2m_ 


Vy = = 2.23 m/s 
At 5s 


Determine the Concept Because the acceleration is a function of time, it is not constant. 
Hence we’ll need to integrate the acceleration function to find the velocity as a function 
of time and integrate the velocity function to find the position as a function of time. The 
important concepts here are the definitions of velocity, acceleration, and average velocity. 


(a) Starting from t, = 0, integrate the 
instantaneous acceleration to obtain 
the instantaneous velocity as a 
function of time: 


(b) Now integrate the instantaneous 
velocity to obtain the position as a 
function of time: 


From a = a 
dt 
it follows that 


fav = f(a, + bt')dt' 
Vo 0 


and 


V=V) + aot + 4bt? 


From v = oe 
dt 


it follows that 
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t 


fax = [v(e)ac' 


ty =0 


= | [» + dpt!+ ae” Jae 


fo 


and 


X=X,+votttat? +4bt° 


(c) The definition of the average Ax  X—X, _ Vot +Layt? +1bt° 
velocity is the ratio of the Vay = e = pou ; 
displacement to the total time 0 
elapsed: and 

Vay = Vo tt dot +4bt? 
Note that v,, 1s not the same as that Vy +V 
due to constant acceleration: (Vecmsan acceleration ), = 9 


_ Vo +(v, +a,t +Lbt?) 
2 
=v, ttat+4bt? 


#V., 


General Problems 
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Picture the Problem The acceleration of the marble is constant. Because the motion is 
downward, choose a coordinate system with downward as the positive direction. The 
equation Gexp = (1 m)/(At)’ originates in the constant-acceleration equation 


Ax = v,At + 1a(At y . Because the motion starts from rest, the displacement of the 


marble is 1 m, the acceleration is the experimental value g.xp), and the equation simplifies 
tO Gexp = (1 m)/(At)’. 


Express the percent difference 

between the accepted and % difference = 
experimental values for the G accepted 
acceleration due to gravity: 


G accepted re g exp 


Using a constant-acceleration v, = vy, +2aAy 
equation, express the velocity of the 


; sunk r ause Vp = 0 and a= 
marble in terms of its initial or, because Vo g; 


velocity, acceleration, and Ve = 2gAy 

displacement: 

Solve for vr V,= [2gAy 

Let v, be the velocity the ball has _ 2 _ 

reached when it has fallen 0.5 cm, a= (2(9.81mis )(0.005 m) lean 
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and Vv» be the velocity the ball has 
reached when it has fallen 0.5 m to 
obtain. 


Using a constant-acceleration 
equation, express v2 in terms of vj, g 
and At: 


Solve for At: 


Substitute numerical values and 
evaluate At: 


Calculate the experimental value of 
the acceleration due to gravity from 


Jexp = (1 m)/(At)’: 


Finally, calculate the percent 
difference between this 
experimental result and the value 
accepted for g at sea level. 


#126 eve 


and 


v, = /2(9.81m/s?)(0.5m) =3.13m/s 


v, =v, + gAt 


_ YTV 


3.13 m/s — 0.313 m/s 
At = 


SBimge 028728 
: S 


. 9.81 m/s* - 12.13 m/s’| 
% difference = 5 Rims 
‘ S 


[Be 


Picture the Problem We can obtain an average velocity, v,, = Ax/At, over fixed time 
intervals. The instantaneous velocity, v = dx/dt can only be obtained by differentiation. 


(a) The graph of x versus t is shown below: 


v (m/s) 


15 


20 25 30 35 
t (s) 


(b) Draw a tangent line at the origin 
and measure its rise and run. Use 
this ratio to obtain an approximate 
value for the slope at the origin: 


The tangent line appears to, at least 
approximately, pass through the point 
(5, 4). Using the origin as the second point, 
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Ax=4cm—-0=4cm 
and 
At=5s—-0=S5s 


0.800 cm/s 


Therefore, the slope of the tangent rise Ax 4cm 
line and the velocity of the body as v(0) ae he = 5 = 
it passes through the origin is _ f : 
approximately: 


(c) Calculate the average velocity for the series of time intervals given by completing the 
table shown below: 


to t At Xo Xx Ax Vay=Ax/At 
(s) |_(s) | (s) | (cm) | (cm) | (cm) (m/s) 
0 6 6 0 4.34 | 4.34 0.723 
0 3 3 0 2o4. | 24 0.835 
0 2 2 0 1.71 1.71 0.857 
0 | 1 0 0.871 | 0.871 0.871 
0 | 0.5 | 0.5 0 0.437 | 0.437 0.874 
0 | 0.25 | 0.25 0 0.219 | 0.219 0.875 
(d) Express the time derivative of dx 
the position: dt = Aacos at 
Substitute numerical values and dx 
dy — = Aacos0= Ao 
-(: dt 
evaluate —att = 0: 
dt = (0.05m)(0.175s") 
=| 0.875 cm/s 
(e) Compare the average velocities As At, and thus Ax, becomes small, the 
from part (c) with the instantaneous value for the average velocity approaches 
velocity from part (d): that for the instantaneous velocity obtained 


in part (d). For At = 0.25 s, they agree to 
three significant figures. 
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Determine the Concept Because the velocity varies nonlinearly with time, the 
acceleration of the object is not constant. We can find the acceleration of the object by 
differentiating its velocity with respect to time and its position function by integrating the 
velocity function. The important concepts here are the definitions of acceleration and 
velocity. 


(a) The acceleration of the object is dv d . 

the derivative of its velocity with a de = a [nas sin(at)| 
respect to time: 
=| OVinax COS (at) 


max 
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(b) Integrate the velocity with 
respect to time from 0 to ¢ to obtain 
the change in position of the body: 


128 eee 


Because a varies sinusoidally 


with time it is not constant. 


fax = io sin (at')|dt' 
and 


X—X, = [-Ymscos (or) 
a) 


t 

0 

= 7 Vinax cos (ct) + Vinax 
@O @O 


or 


X=X)+ Mona [1 -cos(at)| 
a) 


Note that, as given in the problem 
statement, x(0 s) = Xp. 


Picture the Problem Because the acceleration of the particle is a function of its position, 
it is not constant. Changing the variable of integration in the definition of acceleration 
will allow us to determine its velocity and position as functions of position. 


(a) Because a = dv/dt, we must 
integrate to find v(t). Because a is 
given as a function of x, we'll need 
to change variables in order to carry 
out the integration. Once we’ve 
changed variables, we’ll separate 
them with v on the left side of the 
equation and x on the right: 


Integrate from x, and v, to x and v: 


Solve for v to obtain: 


Now set v, = 0, X) = 1 m,x=3 m, 
b =2 s* and evaluate the speed: 


a _dv_dvdx _ dv = (2s)x 
dt dxdt dx 


or, upon separating variables, 


vdv = (2 s° )xdx 


[vav = i (2 s° )x'dx' 
a 


V-Vy= (287 \x? ie) 
v=vi+ (287 \x? — x?) 
v= (2s7)[6m) - (my 


and 


\v| =| 4.00m/s 


(b) Using the definition of v, 
separate the variables, and integrate 
to get an expression for t: 


To evaluate this integral we first 
must find v(x). Show that the 
acceleration is always positive and 
use this to find the sign of v(x). 


Substitute /(2s* x? — x5 ) for v 


and evaluate the integral. (It can be 
found in standard integral tables.) 


Evaluate this expression with 
X) = 1 mand x =3 m to obtain: 
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dx 
v(x) = dé 
and 
f 7 dx’ 
dt'= 
Jo 05 


a=(2s~)xand x)=1m. Xp is positive, so 
do is also positive. Vo is zero and dp is 
positive, so the object moves in the 
direction of increasing x. As x increases 
the acceleration remains positive, so the 
velocity also remains positive. Thus, 


v= (2s Xx? —x> ). 


ee 
0 


;, Vx) 
, 


7 { dx 
5 as x x2) 
1 fd’ 
: os ! = x 
ol get fix? — xO 
Oe Xo 


Picture the Problem The acceleration of this particle is not constant. Separating 
variables and integrating will allow us to express the particle’s position as a function of 
time and the differentiation of this expression will give us the acceleration of the particle 


as a function of time. 


(a) Write the definition of velocity: 


We are given that x = bv, where 
b=1s. Substitute for v and 
separate variables to obtain: 


Integrate and solve for x(t): 


dx 
v=— 

dt 
ee ee 
dt b x 
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(b) Differentiate twice to obtain v(t) 
and a(t): 


Substitute the result in part (a) to 
obtain the desired results: 


x(t) =| x,e 
dx 1 (tty )/b 
—— —Xo 
dt b 
and 


dv 1 otto 
— = =x 
dt b?° 


v(t) = =x 
and 


a(t) = x() 


so 


a(t) = =v) = xt) 


Because the numerical value of b, expressed in SI units, is one, the 


numerical valuesof a,v,and x are the same at each instant in time. 
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Picture the Problem Because the acceleration of the rock is a function of time, it is not 
constant. Choose a coordinate system in which downward is positive and the origin at 


the point of release of the rock. 


Separate variables in 
a(t) = dv/dt = ge” to obtain: 


Integrate from t, = 0, v. = 0 to some 
later time t and velocity v: 


Separate variables in 
v = dy/dt = Vienn (I — ge) to 


obtain: 


Integrate from t, = 0, y, = 0 to some 
later time t and position y: 
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=y es te] 
y term b 


0 


=| vt (=e) 


This last result is very interesting. It says that throughout its free-fall, the object 
experiences drag; therefore it has not fallen as far at any given time as it would have if it 
were falling at the constant velocity, Vierm- 


On the other hand, just as the Vv 
velocity of the object asymptotically y (tone ) > Veernt —— > Viermt 
: : b 
approaches Vem, the distance it has 
covered during its free-fall as a 
function of time asymptotically 
approaches the distance it would 
have fallen if it had fallen with View 
throughout its motion. 


This should not be surprising because in 
the expression above, the first term grows 
linearly with time while the second term 
approaches a constant and therefore 
becomes less important with time. 


*131 ecco 

Picture the Problem Because the acceleration of the rock is a function of its velocity, it 
is not constant. Choose a coordinate system in which downward is positive and the 
origin is at the point of release of the rock. 


Rewrite a = g — bv explicitly as a dv 
differential equation: i =g—bv 
Separate the variables, v on the left, dv dt 
t on the right: g—bv i 
Integrate the left-hand side of this dv t 
equation from 0 to v and the right- } = fac : 
hand side from 0 to t: og —bv' 4 
and 

l _ 

b g 
Solve this expression for v. 

r v= all — e") 
b 

Finally, differentiate this expression dv = 
with respect to time to obtain an a= ae =| ge 


expression for the acceleration and 
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complete the proof. 
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Picture the Problem The skydiver’s acceleration is a function of her velocity; therefore 
it is not constant. Expressing her acceleration as the derivative of her velocity, separating 
the variables, and then integrating will give her velocity as a function of time. 


(a) Rewrite a = g —cv’ explicitly as a dv 5 
differential equation: dt =a CY 
Separate the variables, with v on the dv Pf 
left, and t on the right: g—cv ~ 
Eliminate c by using c = 2 ad = S 34 = at 
Vr G 2 
g-—3V am ee 
v g 
Vr 
or 
d 
es gdt 


Integrate the left-hand side of this ae t 
equation from 0 to v and the right- } — =g | dt'= gt 
hand side from 0 to t: 0 0 


The integral can be found in integral v,t anh“!(v /v,)=gt 


tables: 
or 
tanh"'(v/v,)=(g/v, Jt 
Solve this equation for v to obtain: 
v=v, tanh| — 
Vr 
Because c has units of m™', and g ie., T= (egy? 


has units of m/s’, (cg) '” will have 


units of time. Let’s represent this 
expression with the time-scale factor 
T: 


The skydiver falls with her terminal 
velocity when a = 0. Using this 
definition, relate her terminal 
velocity to the acceleration due to 
gravity and the constant c in the 
acceleration equation: 


Convince yourself that T is also 
equal to v,/g and use this 
relationship to eliminate g and vr in 
the solution to the differential 
equation: 
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0=g-cv; 

and 

weft 
Cc 


(b) The following table was generated using a spreadsheet and the equation we derived in 
part (a) for v(t). The cell formulas and their algebraic forms are: 


Cell Content/Formula Algebraic Form 
D1 56 VT 
D2 5.71 T 
B7 B6 + 0.25 t+ 0.25 
C7 | $B$1*TANH(B7/$B$2) t 
Vr tant) 
T 
A B C D E 

1 vI =56 m/s 

Z. T=5.71 Ss 

3 

4 

5 time (s) v (m/s) 

6 0.00 0.00 

i 0.25 2.45 

8 0.50 4.89 

9 0.75 Foe 

10 1.00 9.71 

54 12.00 54.35 

oo 12.25 54.49 

56 12.50 54.61 

ay 12.75 54.73 

58 13.00 54.83 

3) 13.25 54.93 


122 Chapter 2 


f(s) 


Note that the velocity increases linearly over time (i.e., with constant acceleration) for 
about time T, but then it approaches the terminal velocity as the acceleration decreases. 


Chapter 3 
Motion in Two and Three Dimensions 


Conceptual Problems 


*1 o 
Determine the Concept The distance traveled along a path can be represented as a 
sequence of displacements. 


0 


Suppose we take a trip along some path and consider the trip as a sequence of many very 
small displacements. The net displacement is the vector sum of the very small 
displacements, and the total distance traveled is the sum of the magnitudes of the very 
small displacements. That is, 


total distance = lar, + lar, 4 + [ar | +..+ [Ar | 


where N is the number of very small displacements. (For this to be exactly true we have 
to take the limit as NV goes to infinity and each displacement magnitude goes to zero.) 
Now, using “the shortest distance between two points is a straight line,” we have 


lar, | < lam,,| + lar,.| + lar, ,| tet JAF, 


where lar, | is the magnitude of the net displacement. 


Hence, we have shown that the magnitude of the displacement of a particle is less than or 
equal to the distance it travels along its path. 


2 ° 

Determine the Concept The displacement of an object is its final position vector minus 
its initial position vector (Ar =r, —Fr,). The displacement can be less but never more 
than the distance traveled. Suppose the path is one complete trip around the earth at the 
equator. Then, the displacement is 0 but the distance traveled is 27Re. 


123 


124 Chapter 3 


3 e 
Determine the Concept The important distinction here is that average velocity is being 
requested, as opposed to average speed. 


The average velocity is defined as » - ae 0 


. oe Vv = eo IT - 
the displacement divided by the Ag AG 
elapsed time. 


The displacement for any trip around the track is zero. Thus we see that no 
matter how fast the race car travels, the average velocity is always zero at 


the end of each complete circuit. 


What is the correct answer if we were asked for average speed? 


The average speed is defined as the _ total distance 
distance traveled divided by the Vay = At 
elapsed time. 


For one complete circuit of any track, the total distance traveled will be 


greater than zero and the average is not zero. 


4 ° 

False. Vectors are quantities with magnitude and direction that can be added and 
subtracted like displacements. Consider two vectors that are equal in magnitude and 
oppositely directed. Their sum is zero, showing by counterexample that the statement is 
false. 


5 ° 

Determine the Concept We can answer 
this question by expressing the relationship 
between the magnitude of vector A and its 


component As and then using properties of 
the cosine function. 


Express As in terms of A and @: Ag =A cos0 
Take the absolute value of both | As) =| A cos6| = Al cos] 
sides of this expression: 
and 
A 
| cos 0] _|4| 
A 
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Using the fact that 0 < |cos6|< 1, 


|As| 
substitute for |cos@]| to obtain: 0< ra <lor 0< |Ag| SA 


No. The magnitude of a component of a vector must be less than or equal 


to the magnitude of the vector. 


If the angle 6 shown in the figure is equal to 0° or multiples of 180°, then 


the magnitude of the vector and its component are equal. 


*6 e 

Determine the Concept The diagram y 

shows a vector A and its components A, a) = — A 
and A,. We can relate the magnitude of 
A is related to the lengths of its 
components through the Pythagorean | 
theorem. : x 


tg 


Suppose that Ais equal to zero. Then A” = A + A; =0. 
But 47+ A) =0>4, = A, =0. 


No. If a vector is equal to zero, each of its components must be zero too. 


7 e 
Determine the Concept No. Consider the special case in which B =—A. 
IfB =-A# 0, then C =0 and the magnitudes of the components of A and Bare 


larger than the components of C. 


*8 e 
Determine the Concept The instantaneous acceleration is the limiting value, as At 
approaches zero, of AV/At. Thus, the acceleration vector is in the same direction as Av. 


False. Consider a ball that has been |: 
thrown upward near the surface of ° 
the earth and is slowing down. The 

direction of its motion is upward. | | | 


The diagram shows the ball’s 

velocity vectors at two instants of 

time and the determination of Av. 

Note that because Av is downward | | | 


a 


so is the acceleration of the ball. 
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Determine the Concept The instantaneous acceleration is the limiting value, as At 
approaches zero, of Av/At and is in the same direction as Av. 


Other than through the definition of d, the instantaneous velocity and acceleration vectors 
are unrelated. Knowing the direction of the velocity at one instant tells one nothing about 


how the velocity is changing at that instant. | (e) is correct. 


10 

Determine the Concept The changing velocity of the golf ball during its flight can be 
understood by recognizing that it has both horizontal and vertical components. The nature 
of its acceleration near the highest point of its flight can be understood by analyzing the 
vertical components of its velocity on either side of this point. 


At the highest point of its flight, the 2, 

ball is still traveling horizontally | | | 

even though its vertical velocity is ' 0?) 3 eS 3, 
momentarily zero. The figure to the 7 

right shows the vertical components | | | Ao 
of the ball’s velocity just before and 3, = 
just after it has reached its highest 

point. The change in velocity during 

this short interval is a non-zero, 

downward-pointing vector. Because 

the acceleration is proportional to 3 

the change in velocity, it must also (d)is correct. 
be nonzero. 


Remarks: Note that v, is nonzero and v, is zero, while a, is zero and ay is nonzero. 


11 ° 


Determine the Concept The change in the velocity is in the same direction as the 
acceleration. Choose an x-y coordinate system with east being the positive x direction 
and north the positive y direction. 


Given our choice of coordinate system, the x component of @ is negative and so V will 
decrease. The y component of @ is positive and so V will increase toward the north. 


(c) is correct. 


*12 ¢ 
Determine the Concept The average velocity of a particle, V 


is the ratio of the 


av? 


particle’s displacement to the time required for the displacement. 


(a) We can calculate Ar from the given information and At is known. | (a) is correct. 


(b) We do not have enough information to calculate AV and cannot compute the 
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particle’s average acceleration. 


(c) We would need to know how the particle’s velocity varies with time in order to 
compute its instantaneous velocity. 


(d) We would need to know how the particle’s velocity varies with time in order to 
compute its instantaneous acceleration. 


13 eo 
Determine the Concept The velocity vector is always in the direction of motion and, 
thus, tangent to the path. 


The velocity vector, as a consequence of always being in the direction of 


(a) 


motion, is tangent to the path. 


(6) A sketch showing two velocity 
vectors for a particle moving along a 
path is shown to the right. 


14° 
Determine the Concept An object experiences acceleration whenever either its speed 
changes or it changes direction. 


The acceleration of a car moving in a straight path at constant speed is zero. In the other 
examples, either the magnitude or the direction of the velocity vector is changing and, 


hence, the car is accelerated. | (b) is correct. 


*15 
Determine the Concept The velocity vector is defined byv = dr / dt, while the 
acceleration vector is defined bya = dv/ dt. 


(a) A car moving along a straight road while braking. 


(6) A car moving along a straight road while speeding up. 


(c) A particle moving around a circular track at constant speed. 


16 
Determine the Concept A particle experiences accelerated motion when either its speed 
or direction of motion changes. 


A particle moving at constant speed in a circular path is accelerating because the 
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direction of its velocity vector is changing. 
If a particle is moving at constant velocity, it is not accelerating. 


17 ee 


Determine the Concept The acceleration vector is in the same direction as the change in 
velocity vector, AV. 


(a) The sketch for the dart thrown | 

upward is shown to the right. The 7 yr 5,7 
acceleration vector is in the a: 
direction of the change in the |: 


velocity vector Av. z 


(6) The sketch for the falling dart is 
shown to the right. Again, the 


acceleration vector is in the 0. 
. . . 1 
direction of the change in the 
velocity vector Av. ™ 
V> ee 
204 


(c) The acceleration vector is in the 
direction of the change in the d, 


velocity vector ... and hence is ae ye. 3, 
v 7 


downward as shown the right: 2 


#18 ee 
Determine the Concept The acceleration vector is in the same direction as the change in 
velocity vector, AV. 


The drawing is shown to the right. > 


19 ee 
Determine the Concept The acceleration vector is in the same direction as the change in 
velocity vector, AV. 


The sketch is shown to the right. 
A 
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20 
Determine the Concept We can decide what the pilot should do by considering the 
speeds of the boat and of the current. 


Give up. The speed of the stream is equal to the maximum speed of the boat in still 
water. The best the boat can do is, while facing directly upstream, maintain its position 


relative to the bank. | (d) is correct. 


*21 

Determine the Concept True. In the absence of air resistance, both projectiles 
experience the same downward acceleration. Because both projectiles have initial vertical 
velocities of zero, their vertical motions must be identical. 


22 # 


Determine the Concept In the absence of air resistance, the horizontal component of the 
projectile’s velocity is constant for the duration of its flight. 


At the highest point, the speed is the horizontal component of the initial velocity. The 


vertical component is zero at the highest point. | (e) is correct. 


23. 
Determine the Concept In the absence of air resistance, the acceleration of the ball 
depends only on the change in its velocity and is independent of its velocity. 


As the ball moves along its trajectory between points A and C, the vertical component of 
its velocity decreases and the change in its velocity is a downward pointing vector. 
Between points C and E, the vertical component of its velocity increases and the change 
in its velocity is also a downward pointing vector. There is no change in the horizontal 


component of the velocity. | (d) is correct. 


24 

Determine the Concept In the absence of air resistance, the horizontal component of the 
velocity remains constant throughout the flight. The vertical component has its maximum 
values at launch and impact. 


(a) The speed is greatest at A and E. 
(b) The speed is least at point C. 


(c) The speed is the same at A and E. The horizontal components are equal at these points 
but the vertical components are oppositely directed. 


25° 


Determine the Concept Speed is a scalar quantity, whereas acceleration, equal to the 
rate of change of velocity, is a vector quantity. 


(a) False. Consider a ball on the end ofa string. The ball can move with constant speed 
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(a scalar) even though its acceleration (a vector) is always changing direction. 
(6) True. From its definition, if the acceleration is zero, the velocity must be constant and 


so, therefore, must be the speed. 


26 
Determine the Concept The average acceleration vector is defined by a,, = Av/ At. 


The direction of d,, is that of 


AV = V, —V,, as shown to the right. 


27 


Determine the Concept The velocity of B relative to A is Vz, =Vg — Va. 


The direction of V3, =V, — V, is shown to 


the right. a it 
_ Up —U, 
UB 
*28 ee 


(a) The vectors A(t) and A(t + At) are of equal length but point in slightly different 


directions. AA is shown in the diagram below. Note that AA is nearly perpendicular 
to A(t). For very small time intervals, AA and A(t) are perpendicular to one another. 


Therefore, dA/dt is perpendicular to A. 


(b) If A represents the position of a particle, the particle must be undergoing circular 
motion (i.e., it is at a constant distance from some origin). The velocity vector is tangent 
to the particle’s trajectory; in the case of a circle, it is perpendicular to the circle’s radius. 


(c) Yes, it could in the case of uniform circular motion. The speed of the particle is 
constant, but its heading is changing constantly. The acceleration vector in this case is 


Motion in One and Two Dimensions 131 
always perpendicular to the velocity vector. 


29 ee 


Determine the Concept The velocity vector is in the same direction as the change in the 
position vector while the acceleration vector is in the same direction as the change in the 


velocity vector. Choose a coordinate system in which the y direction is north and the x 
direction is east. 


(a) (b) 
Path Direction of velocity Path Direction of acceleration 
vector vector 
AB north AB north 
BC northeast BC southeast 
CD east CD 0 
DE southeast DE southwest 
EF south EF north 
() The magnitudes are comparable, but larger for DE since the radius of the 
c 
path is smaller there. 
#30 oe 


Determine the Concept We’! assume that the cannons are identical and use a constant- 
acceleration equation to express the displacement of each cannonball as a function of 
time. Having done so, we can then establish the condition under which they will have the 
same vertical position at a given time and, hence, collide. The modified diagram shown 
below shows the displacements of both cannonballs. 


Express the displacement of the 
cannonball from cannon A at any 
time ¢ after being fired and before 
any collision: 


- = 112 
Ar =v t+5gt 


Express the displacement of the 
cannonball from cannon A at any 
time ¢' after being fired and before 
any collision: 


Ar’ = vit! + 5gt” 


132 Chapter 3 


If the guns are fired simultaneously, ¢ = ¢' and the balls are the same distance 
+ gt’ below the line of sight at all times. Therefore, they should fire the guns 


simultaneously. 


Remarks: This is the "monkey and hunter” problem in disguise. If you imagine a 
monkey in the position shown below, and the two guns are fired simultaneously, and 
the monkey begins to fall when the guns are fired, then the monkey and the two 
cannonballs will all reach point P at the same time. 


31 we 
Determine the Concept The droplet leaving the bottle has the same horizontal velocity 
as the ship. During the time the droplet is in the air, it is also moving horizontally with 
the same velocity as the rest of the ship. Because of this, it falls into the vessel, which 
has the same horizontal velocity. Because you have the same horizontal velocity as the 
ship does, you see the same thing as if the ship were standing still. 


32 
Determine the Concept 


Because A and D are tangent to the path of the stone, either of them could 


represent the velocity of the stone. 


A(t) 


8 -A(t) 


Let the vectors A(t) and B (t + At) be of equal length but point in slightly 


different directions as the stone moves around the circle. These two 
6) vectors and AA are shown in the diagram above. Note that AA is nearly 
perpendicular to A(t). For very small time intervals, AA and A(t) are 


perpendicular to one another. Therefore, dA/dt is perpendicular to A and 


only the vector E could represent the acceleration of the stone. 
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33°C 

Determine the Concept True. An object accelerates when its velocity changes; that is, 
when either its speed or its direction changes. When an object moves in a circle the 
direction of its motion is continually changing. 


34 ee 

Picture the Problem In the diagram, (a) 

shows the pendulum just before it reverses (a) ® 
direction and (b) shows the pendulum just 

after it has reversed its direction. The 

acceleration of the bob is in the direction of 

the change in the velocity AV = v, — Vv, and 

is tangent to the pendulum trajectory at the a 

point of reversal of direction. This makes 

sense because, at an extremum of motion, _ 3, 
v= 0, so there is no centripetal a. 
acceleration. However, because the i 
velocity is reversing direction, the 
tangential acceleration is nonzero. 


35 

Determine the Concept The principle reason is aerodynamic drag. When moving 
through a fluid, such as the atmosphere, the ball's acceleration will depend strongly on its 
velocity. 


Estimation and Approximation 


*3G oe 

Picture the Problem During the flight of the ball the acceleration is constant and equal 
to 9.81 m/s’ directed downward. We can find the flight time from the vertical part of the 
motion, and then use the horizontal part of the motion to find the horizontal distance. 
We’ll assume that the release point of the ball is 2 m above your feet. 


Make a sketch of the motion. y 
Include coordinate axes, initial and 

final positions, and initial velocity 

components: h 


O 


Obviously, how far you throw the . 0.447 m/s 

ball will depend on how fast you Vy = 60 mi/h x eT ae = 26.8m/s 
can throw it. A major league 

baseball pitcher can throw a fastball 

at 90 mi/h or so. Assume that you 

can throw a ball at two-thirds that 

speed to obtain: 
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There is no acceleration in the x MS Vest (1) 
direction, so the horizontal motion is 

one of constant velocity. Express the 

horizontal position of the ball as a 

function of time: 


Assuming that the release point of y=h+w,t+ 4 a,t (2) 

the ball is a distance h above the 

ground, express the vertical position 

of the ball as a function of time: 

(a) For 0= 0 we have: Voy = Vy COSO = (26.8m/s)cos 0° 
= 26.8m/s 


and 


Vo, =Vo Sin A = (26.8m/s)sin 0° = 0 


Substitute in equations (1) and (2) to x= (26.8m/s)t 


obtain: and 


y =2m+4(—9.81m/s")i? 


Eliminate ¢t between these equations 491m/s’ 
to obtain: y 7? ™~ C6 emis) 
At impact, y= 0 andx=R: 4.91m/s? 
0=2m-——_,, 
(26.8 m/s) 
Solve for R to obtain: R=l1him 
(b) Using trigonometry, solve for vox Voy = Vp COSA) = (26.8 m/s)cos 45° 
ae =19.0m/s 
and 
Vo) =Vo Sin A = (26.8 m/s)sin 45° 
=19.0m/s 
Substitute in equations (1) and (2) to x= (19.0 m/s)t 
obtain: and 


y =2m+(19.0m/s)+4(-9.81m/s? }?? 


Eliminate ¢ between these equations 4.905 m/s” 
to obtain: SSC al 


At impact, y = 0 and x = R. Hence: 


Solve for R (you can use the 
"solver" or "graph" functions of 
your calculator) to obtain: 


(c) Solve for vox and voy: 


Substitute in equations (1) and (2) to 
obtain: 


Eliminate ¢t between these equations 
to obtain: 


At impact, y= 0 andx=R: 


Solve for R to obtain: 
(d) Using trigonometry, solve for 
Vox and Voy: 


Substitute in equations (1) and (2) to 
obtain: 


Eliminate ¢ between these equations 
to obtain: 


At impact, y= 0 and x =R: 


Solve for R (you can use the 
"solver" or “graph” function of your 
calculator) to obtain: 
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2 
, = 2m+ R— 2205s" 5 
(19.0m/s) 


or 


R? —(73.60m)R-147.2m? =0 


R=| 75.6m 


and 

Voy =9 

x =(26.8m/s)t 
and 


y=14m+4(-9.81m/s’)? 


4.905m/s*_5 

y = 14m-———, x 
(26.8m/s) 
2 

a ee 4.905m/s" ; 
(26.8 m/s) 


Vy, =%,= 19.0 m/s 


x =(19.0m/s)r 


and 
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y=14m+(19.0m/s)¢+4(-9.81 mis? )e? 


4.905m/s*_5 
y=14m+x-———— x 
(19.0m/s) 
2 
0= pret soa : 
(19.0m/s) 


R=| 85.6m 
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37 ee 
Picture the Problem We’|l ignore the height of Geoff's release point above the ground 
and assume that he launched the brick at an angle of 45°. Because the velocity of the 
brick at the highest point of its flight is equal to the horizontal component of its initial 
velocity, we can use constant-acceleration equations to relate this velocity to the brick’s x 
and y coordinates at impact. The diagram shows an appropriate coordinate system and the 
brick when it is at point P with coordinates (x, y). 


0 R=445m _ 


‘ : é 
Using a constant-acceleration X=XytVo,t+ t a,t 
equation, express the x coordinate of 


the brick as a function of time: or, because x9 = 0 and a, = 0, 


X=V,l 


; : 5 
Express the y coordinate of the brick V=MtVo,t+ 4 a,t 


as a function of time: 
or, because yo = 0 and a, = —g, 


2 
y=w,t—zet 


Eliminate the parameter ¢ to obtain: 


Use the brick’s coordinates when it 
strikes the ground to obtain: 0 ( 


Ox 


Solve for vo, to obtain: eR 
Vv — 
** \ 2tand, 
Substitute numerical values and 2 
81 44. 
evaluate vox: Vox = \ ae =| 14.8m/s 
an 


Note that, at the brick’s highest point, 
vy, = 0. 


Vectors, Vector Addition, and Coordinate Systems 


38s 
Picture the Problem Let the positive y direction be straight up, the positive x direction 


be to the right, and Aand B be the position vectors for the minute and hour hands. The 
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pictorial representation below shows the orientation of the hands of the clock for parts (a) 


through (qd). 


(b) 


y 


GOGO 


(a) The position vector for the 
minute hand at12:00 is: 


The position vector for the hour 
hand at 12:00 is: 


Ai.o0 = (0.5m)j | 5m)j 


Byo9 = (0.25 m)j 


(6) At 3:30, the minute hand is positioned along the —y axis, while the hour hand is at an 
angle of (3.5 h)/12 h x 360° = 105°, measured clockwise from the top. 


The position vector for the minute 
hand is: 


Find the x-component of the vector 
representing the hour hand: 


Find the y-component of the vector 
representing the hour hand: 


The position vector for the hour 
hand is: 


Ay. = (0.5 m)j 


B. =(0.25m)sin105° = 0.241m 


B,, =(0.25m)cos105° = —0.0647m 


B,5) =| (0.241m)i — (0.0647 m)j 


(c) At 6:30, the minute hand is positioned along the —y axis, while the hour hand is at an 
angle of (6.5 h)/12 h x 360° = 195°, measured clockwise from the top. 


The position vector for the minute 
hand is: 


Find the x-component of the vector 
representing the hour hand: 


Find the y-component of the vector 
representing the hour hand: 


The position vector for the hour 
hand is: 


Ae. Bilge (0.5 m)j 


= (0.25m)sin 195° = —0.0647m 


', = (0.25m)cos195° = -0.241m 


B,) =| — (0.0647 m)i —(0.241m)j 


(d) At 7:15, the minute hand is positioned along the +x axis, while the hour hand is at an 
angle of (7.25 h)/12 h x 360° = 218°, measured clockwise from the top. 
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The position vector for the minute ~ . 
hand is: A,,; = (0.5 m)i 
Find the x-component of the vector B.= (0.25 m)sin 419% =- 0 154m 


representing the hour hand: 


Find the y-component of the vector B= (0.25m)cos218° = —0.197m 
representing the hour hand: 
Th iti tor for the hour = A 3 
are BO ge ate wae ee B45 = —(0.154m)i —(0.197m)j 
(c) Find A — B at 12:00: A-B=(0.5m)j —(0.25m)j 

=| (0.25m)j 
Find A — B at 3:30: A-B= ~(0.5 m)j 


= ((0.241m)i —(0.0647 m)j| 


=| -(0.241m)i-(0.435m)j 


An 
° 


Find A — B at 6:30: A-B =—(0.5m)j 
- (0.0647 m)i -(0.241m)j] 


za 
° 


— (0.0647 m)i —(0.259m)j 


II 


n 
° 


Find A —B at 7:15: A-B =(0.5m)j 
-|- (0.152m)i-(0.197m)j] 


A 
° 


(0.152m)i + (0.697 m)j 


*39 
Picture the Problem The resultant displacement is the vector sum of the individual 
displacements. 


The two displacements of the bear N ZF 
and its resultant displacement are 
shown to the right: 
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Using the law of cosines, solve for R= (12 m)’ 4 (12 m)’ 
the resultant displacement: 
—2(12m)(12m)cos135° 
and 
Using the law of sines, solve for a: sina _ sin135° 
12m = 22.2m 


“. @ = 22.5° and the angle with the 
horizontal is 45° — 22.5° =| 22.5° 


40 ° 
Picture the Problem The resultant displacement is the vector sum of the individual 
displacements. 


(a) Using the endpoint coordinates 
for her initial and final positions, 
draw the student’s initial and final 
position vectors and construct her 
displacement vector. 


x,m 


0 ; 


i 


uw 
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Find the magnitude of her . : ° 
displacement and the angle this oA Be alta 52 m ai 


displacement makes with the 
positive x-axis: 


His initial and final positions are the same as in (a), so his displacement is 


b 
Oe 5/2 @135°. 


*Al 


Picture the Problem Use the standard rules for vector addition. Remember that 
changing the sign of a vector reverses its direction. 


(a) (b) 
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(e) 


42 

Picture the Problem The figure 
shows the paths walked by the 
Scout. The length of path A is 

2.4 km; the length of path B is 

2.4 km; and the length of path C is 
1.5 km: 


(a) Express the distance from the 
campsite to the end of path C: 


(b) Determine the angle @ subtended 
by the arc at the origin (campsite): 


(c) Express the total distance as the 


sum of the three parts of his walk: 


Substitute the given distances to 
find the total: 


(d) 


0 
d E 


2.4km—1.5 km =| 0.9km | 


_arclength 2.4km 
en radius 2.4km 
= lrad = 57.3° 


His direction from camp 
is lrad north of east. 


tot = east + dare ae toward camp 


diot = 2.4 km + 2.4 km + 1.5 km 
= 6.3 km 
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Express the ratio of the magnitude Magnitude of his displacement _ 0.9km 
of his displacement to the total Rata distance walked = 6 tiem 
distance he walked and substitute to ; 
obtain a numerical value for this | Al 
ratio: | 


43 
Picture the Problem The direction of a vector is determined by its components. 


cai wn (5 3.5 a | _ 395° The vector is in the fourth quadrant and 
eee 


Picture the Problem The components of the resultant vector can be obtained from the 
components of the vectors being added. The magnitude of the resultant vector can then 
be found by using the Pythagorean Theorem. 


A table such as the one shown to the 


right is useful in organizing the Vector | x-component | y-component 
information in this problem. Let D A 6 -3 
be the sum of vectors A, B, andC. B 3 - 

C 2 5 

D 


Determine the components of D by 
adding the components of A, B, 
andC, 


Use the Pythagorean Theorem to p= [p? i D? = (5) P (6) —781 


calculate the magnitude of D: 
and| (d) is correct. 


45° 
Picture the Problem The components of the given vector can be determined using right- 
triangle trigonometry. 


Use the trigonometric relationships between the magnitude of a vector and its 
components to calculate the x- and y-components of each vector. 


A A) Ax Ay 
(a) 10m 30° 8.66 m 5m 
(b) 5m 45° 3.54 m 3.54 m 
(c)| 7km 60° 3.50 km 6.06 km 
(d)| 5km 90° 0 5 km 
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(e) | 15 km/s | 150° | -13.0 km/s | 7.50 km/s 
(f) | 10 m/s | 240° | —5.00 m/s | -8.66 m/s 
(g)| 8m/s* | 270° 0 ~8.00 m/s” 


#46 ° 
Picture the Problem Vectors can be added and subtracted by adding and subtracting 
their components. 


Write A in component form: Ax = (8m) cos 37° = 6.4m 
Ay = (8 m) sin 37°= 4.8 m 


A= (6.4m)i +(4.8m)j 


(a), (6), (c) Add (or subtract) x- and 
y-components: 


az 
° 


D =| (0.4m)i +(7.8m)j 


E =| (-3.4m)i -(9.8m)j | 


F =| (-17.6m)i +(23.8m)j | 


II 


(d) Solve for G and add G 
components to obtain: 


-5(4+B +26) 


az za 
° 6 


= (1 Re. m)i - (2.9m)j 


47 
Picture the Problem The magnitude of each vector can be found from the Pythagorean 
theorem and their directions found using the inverse tangent function. 


(a) A=5i4+3j A= 47+ 4, =[5.83 | 


and, because A is in the 1“ quadrant, 


6 = (4) = 


x 


(b) B=10i-7j B=/B? +B, =[12.2] 


and, because B is in the 4" quadrant, 


B 
A= wo ( F] =| —35.0° 


x 


(c) € =-21-3j + 4k C=fc?+c?+C? =[5.39] 
ae - 
0 =cos ($)-2] 


where @is the polar angle measured from 
the positive z-axis and 
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_(c {2 - 
g =cos (Se (%)-= 


48 
Picture the Problem The magnitude and direction of a two-dimensional vector can be 
found by using the Pythagorean Theorem and the definition of the tangent function. 


(a) A=-4i-7j A=, A? +A? =[8.06 | 


and, because Ais in the 3“ quadrant, 


O= an) =| 240° 
B=3i-2j B=,B) +B. =| 3.61| 


and, because B is in the 4" quadrant, 


wan (})-ERr 
C=A+B=-i-9j C=,C? +C? =[9.06 | 


and, because C is in the 3“ quadrant, 


C. 
O= nS =| 264° 


x 


(b) Follow the same steps as in (a). A=| 4.12 |- @=|—76.0° 


B=| 6.32 |; =| 71.6° 


c=|3.61 : O=| 33.7° 


49 

Picture the Problem The components of these vectors are related to the magnitude of 
each vector through the Pythagorean Theorem and trigonometric functions. In parts (a) 
and (5), calculate the rectangular components of each vector and then express the vector 
in rectangular form. 
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(a) Express v in rectangular form: V=vitvj 
Evaluate v, and vy: vy = (10 m/s) cos 60° = 5 m/s 
and 


vy = (10 m/s) sin 60° = 8.66 m/s 


Substitute to obtain: v=-[6 m/s)i + (8.66m/s) j 
(b) Express v in rectangular form: A=Ai+Aj 
x y 
Evaluate A, and A,: Ax = (5 m) cos 225° = —3.54 m 
and 


Ay = (5 m) sin 225° = -3.54 m 


Substitute to obtain: A= G 3.54m)i nm (- 3.54m)j 
(c) There is nothing to calculate as 7 a | 

we are given the rectangular oe ( 4m)i (6m)j 
components: 

50° 


Picture the Problem While there are infinitely many vectors B that can be constructed 
such that A = B, the simplest are those which lie along the coordinate axes. 


Determine the magnitude of A: A= {4 ae A; - 4/3? 447 =5 


Write three vectors of the same 
magnitude as A: B, = Si, B, = —5i, and B, = 5j 


The vectors are shown to the right: 
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#51 oe 
Picture the Problem While there are 


several walking routes the fly could take to 
get from the origin to point C, its 2m 
displacement will be the same for all of i 
them. One possible route is shown in the 
figure. 
Y, tat 


Express the fly’s D-A:+B:+C 
displacement D during its trip from nN n % 
the origin to point C and find its = (3 m)i 7 (3 m)j 7 (3 m)k 
magnitude: Pe 
p= Gm) +m) +Gm) 
=| 5.20m 
*52  ¢ 


Picture the Problem The diagram shows the locations of the transmitters relative to the 
ship and defines the distances separating the transmitters from each other and from the 
ship. We can find the distance between the ship and transmitter B using trigonometry. 


Dep 
Ty B 
= a Sn Dag 
De” A 
so le 
Relate the distance between A and B De 
to the distance from the ship to A tan 6 = 
and the angle - 
Solve for and evaluate the distance Dy, — 100km 


=| 173km 


from the ship to transmitter B: SB 


~ tan@  tan30° 
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Velocity and Acceleration Vectors 


538 


Picture the Problem For constant speed 
and direction, the instantaneous velocity is 
identical to the average velocity. Take the 
origin to be the location of the stationary 
radar and construct a pictorial 
representation. 


Express the average velocity: 


Determine the position vectors: 


Find the displacement vector: 


Substitute for Ar and At to find the 
average velocity. 


54. 


N (y) 


_ AF 
Viv = 
At 
Ff, =(-10km)j 


and 


n 
° 


7, = (14.1km)i +(—14.1km)j 


An 
° 


= (14.1km)i + (—4.1km)j 
a (14.1km)i + (—4.1km)j 
av lh 


=| (14.1km/h)i + (—4.1km/h)j 


Picture the Problem The average velocity is the change in position divided by the 


elapsed time. 


(a) The average velocity is: 


Find the position vectors and the 
displacement vector: 


Find the magnitude of the 
displacement vector for the interval 
between t= 0 andt=2s: 


Ar 
Vay = 
At 


n 
° 


Ar =F, -f, =(4m)i +(4m)j 


Ary = (4m) +(4m) = 5.66m 
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av 


Substitute to determine v,y: 5.66m 
Vv. = =| 2.83 m/s 
se = L283mis | 


and 


O= wn {) = measured 
m 


from the positive x axis. 


(b) Repeat (a), this time using the r= (13 my) e (1 4 m)j , 
displacement between ¢ = 0 and 7 ss P i 
t=5s to obtain: Ais =7,—1, =(I1m)i +(I1m)j, 


Ang = (11m) +(11m) =15.6m, 


15.6m 
vy =—— =| 3.11 m/s |, 
w= = [3Lmis | 


11 
O= tn (HE =| 45.0° | measured 
from the positive x axis. 
*55 


Picture the Problem The magnitude of the velocity vector at the end of the 2 s of 
acceleration will give us its speed at that instant. This is a constant-acceleration problem. 


Find the final velocity vector of the ¥ =v tv, j=Veoi + a,fj 


particle: “ ° 
= (4.0m/s)i +(3.0m/s?\(2.0s)j 
= (4.0m/s)i +(6.0m/s)j 
Find the magnitude of v: “= (4.0 m/s) i (6.0 m/s) = 7.21m/s 
and | (6)is correct. | 
56 


Picture the Problem Choose a coordinate system in which north coincides with the 
positive y direction and east with the positive x direction. Expressing the west and north 


velocity vectors is the first step in determining Av anda.,,. 
(a) The magnitudes of AV = Vy —Vy 
Vy and Vv, are 40 m/s and 30 m/s, 

; ; =| —-10m/s 
respectively. The change in the 
magnitude of the particle’s velocity 
during this time is: 
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(6) The change in the direction of 
the velocity is from west to north. 


(c) The change in velocity is: 


Calculate the magnitude and 
direction of AV : 


(d) Find the average acceleration 
during this interval: 


The magnitude of this vector is: 


57 


The change in direction is 


A¥ =¥, —¥y =(30m/s)j—(—40m/s)i 


= (40m/s)i +(30m/s)j 
|Av| = (40 m/s) +(30m/s)’ = [ 50 m/s | 
and 
0, -axig = tan” ue =| 36.9° 
40 m/s 
i. = Av/At = (40 m/s)i +(30m/s)j 
av 5s 
= (sm/s?)i + (6m/s?)j 


a= (sms? +(6m/s?)} = [10 m/s? | 


and its direction is 


2 
O= tn om ) = measured 
S 


from the positive x axis. 


Picture the Problem The initial and final positions and velocities of the particle are 
given. We can find the average velocity and average acceleration using their definitions 


by first calculating the given displacement and velocities using unit vectorsi and j. 


(a) The average velocity is: 


The displacement of the particle 
during this interval of time is: 


Substitute to find the average 
velocity: 


(b) The average acceleration is: 


v,, =Ar/At 


n 
e 


Ar =(100m)i + (80m)j 


An An 
° e 


(100 m)i + (80m)j 


av 35 


=| (33.3m/s)i +(26.7m/s)j 


a,, = Av/At 
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Find v,, V,, and Av : ¥, = (28.3m/s)i +(28.3m/s)j 
and 
¥, = (19.3m/s)i + (23.0m/s)j 
~. AV =(—9.00m/s)i +(—5.30m/s)j 


Using At = 3 s, find the average a ‘2 3.00m/s? ji ni (197 m/s*)j 
acceleration: iad 
#58 ee 


Picture the Problem The acceleration is constant so we can use the constant-acceleration 
equations in vector form to find the velocity at t= 2 s and the position vector at t=4 s. 


(a) The velocity of the particle, as a V=Vv,+at 
function of time, is given by: 


Substitute to find the velocity at ¥ =(2m/s) x (-9 m/s) j 
t=2s: a . 
+|(4 ms’)? + m/s) j|(2s) 


(10 m/s)i + (-3 m/s) j 


(b) Express the position vector as a F =r, +Vot+ Lar? 
function of time: 


Substitute and simplify: r =(4m) i+ 6) m)j 


+|(2 m/s)i +(-9m/s)j (4s) 
+4|(4mis*)i +@mis?)j (4s) 


=| (44m)i +(-9m)j 


a pie oo and direction of r(48) = V( A4 m) 2 (@ 9 my = 


and, because F is in the 4" quadrant, 


59 eo 
Picture the Problem The velocity vector is the time-derivative of the position vector and 
the acceleration vector is the time-derivative of the velocity vector. 


Differentiate r with respect to time: dr A 


p= “ (301)? + (401 - 522)j] 


za 
° 


30i + (40 -107)j 
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where V has units of m/s if ¢ is in seconds. 


Differentiate v with respect to time: a= “ “ E OF + ( 40 —1 02) i] 


-[ Pion 


60 ee 

Picture the Problem We can use the constant-acceleration equations in vector form to 
solve the first part of the problem. In the second part, we can eliminate the parameter ¢ 
from the constant-acceleration equations and express y as a function of x. 


(a) Use V =v, + at withv, =0 to = (emis)? + (4mvs*)j | 
find v: 
User V¢+t lat? withr, =(10m)i to find r : 


7 =[(10m)+ mvs? ]i + [omvs? J | 


(5) Obtain the x and y components =10m+ (3 m/s”)? 
of the path from the vector equation a - 

oe y=(2m/s’)? 
Eliminate the parameter ¢ from these ) 20 
equations and solve for y to obtain: y= 3 = 3 


Use this equation to plot the graph shown below. Note that the path in the xy plane is a 
straight line. 


20 


18 


16 


14 


12 


10 


y (m) 


foe) 


Oo NM KF OD 
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Picture the Problem The displacements N,y 
of the boat are shown in the figure. We Ay 

need to determine each of the 
displacements in order to calculate the 
average velocity of the boat during the 30- 


2 At 
s trip. = 
E,x 
(a) Express the average velocity of = Ar 
the boat: Vay = AL 
Express its total displacement: Ar = AY. ae Ary, 
24 A 

= Lay (Aty) j + vyAtw(-#) 
To calculate the displacement we Vw = Vy ¢ = GyAty = 60 m/s 
first have to find the speed after the 50 
nee: At =a, (At, j-(60 m/s)Atyi 

= (600m)j -— (600m)i 
Substitute to find the average _ Ar (600m) =ja j 
velocity: V,.=— = 

At 30s 

=| (20m/s)\-i + j 
(b) The average acceleration is e Ar Vv, —V, 
given by: a, = Me A 

_ (-60m/s)i-0 _ Come) 

30s 

(c) The displacement of the boat i (600m)j 4 (- 600m) : 
from the dock at the end of the 30-s = 
trip was one of the intermediate = (600m) -i+j 


results we obtained in part (a). 
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Picture the Problem Choose a coordinate 
system with the origin at Petoskey, the 
positive x direction to the east, and the 
positive y direction to the north. Let t= 0 at 
9:00 a.m. and @ be the angle between 
Robert’s velocity vector and the easterly 
direction and let "M” and "R” denote Mary 
and Robert, respectively. You can express 
the positions of Mary and Robert as 
functions of time and then equate their 
north (y) and east (x) coordinates at the 
time they rendezvous. 


Express Mary’s position as a 
function of time: 


Note that Robert’s initial position 
coordinates (x;, yi) are: 


—E (x) 
| Petoskey 
| 


n 
° 


ry =v J =(8¢)j 


where Fy, is in miles if ¢ is in hours. 


(xi, Vi) = (—13 mi, 22.5 mi) 


Express Robert’s position as a function of time: 


F, =x, + (v,cos0)(t-1)])i +Ly, + (vgsind\¢-D]j 
=[-13+ {6(t-1)cos 6} ]i +[22.5 + {6(t-1)sin 6} ]j 


where Fg is in miles if ¢ is in hours. 
When Mary and Robert rendezvous, 
their coordinates will be the same. 
Equating their north and east 


coordinates yields: 


Solve equation (1) for cos@: 


Solve equation (2) for sin@: 


East: -—13+6tcos@—6cosO=0 (1) 


North: 22.5 + 6¢ sinO— 6 sin@= 8t (2) 


13 
0 = ——_~ 
cos 6-1) (3) 
: 8t-—22.5 
d= 4 
. 6(t-1) © 


Square and add equations (3) and (4) to obtain: 


sin’? 6 +cos’@=1= ei a2 . 13] 
6(t -1) 6(¢—1) 


Simplify to obtain a quadratic 
equation in ¢: 


Solve (you could use your 
calculator’s “solver” function) this 


281? — 2881 +639 =0 


t=|3.24h =3h 15min 
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equation for the smallest value of t 
(both roots are positive) to obtain: 


Now you can find the distance 


traveled due north by Mary: Mm = Yul = (8 mi/h)(3.24 h) iS 


r 
Finally, solving equation (3) for and substituting 3.24 h for ¢ yields: 


13 13 
Gace | 2 ae | ai 
as Fan a ae 


and so Robert should head | 14.7° north of east. 


Remarks: Another solution that does not depend on the components of the vectors 
utilizes the law of cosines to find the time t at which Mary and Robert meet and then 
uses the law of sines to find the direction that Robert must head in order to 
rendezvous with Mary. 


Relative Velocity 


63. ee 
Picture the Problem Choose a coordinate 
system in which north is the positive y 
direction and east is the positive x 
direction. Let 0 be the angle between 
north and the direction of the plane’s 
heading. The velocity of the plane relative 


to the ground, V,, , is the sum of the 
velocity of the plane relative to the air, 
Vpa , and the velocity of the air relative to 


the ground, V,¢ . i.e., 
w 


Vog = Vpa + Vag 


The pilot must head in such a direction that 
the east-west component of V,, is zero in 


order to make the plane fly due north. 


(a) From the diagram one can see vac COS 45° = vpa sin@ 
that: 
Solve for and evaluate 0: _ ,( 56.6km/h 
8 =sin | ————_ 
250 km/h 


=| 13.1° west of north 


(b) Because the plane is headed due Voc | = (250 km/h) cos 13.1° 
north, add the north components of : 
+ (80 km/h) sin 45° 
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Vp, and V,, to determine the 


300 km/h 


plane’s ground speed: 


64 
Picture the Problem Let V,, represent the 


velocity of the swimmer relative to the A 
bank; Vy the velocity of the swimmer 
relative to the water; and V,,, the velocity 


of the water relative to the shore; 1.e., 
80m 


Vsp = Vsw + Vwp 


The current of the river causes the 


swimmer to drift downstream. y 
(a) The triangles shown in the figure Vwp 40m 
are similar right triangles. Set up a 7 7 80m 
proportion between their sides and a. 

an 


solve for the speed of the water 


relative to the bank: Vw =+(1.6m/s)=| 0.800 m/s 


(b) Use the Pythagorean Theorem to _ f2 2 

solve for the swimmer’s speed Ysa = VYsw + Ys 

relative to the shore: _ Ja 6 m/s) 4“ (0 8 m/s)" 
=| 1.79m/s 

(c) The swimmer should head in a Ows 


direction such that the upstream 
component of her velocity is equal 
to the speed of the water relative to 
the shore: 


Use a trigonometric function to __,( 0.8m/s 
evaluate @. 0 =sin 


*6§5 ee 

Picture the Problem Let the velocity of 
the plane relative to the ground be 
represented by V,,; the velocity of the 


plane relative to the air by V,,, and the 
velocity of the air relative to the ground by 
Vag. Then 


VeG = Vox + Vag (1) 


Choose a coordinate system with the origin 
at point A, the positive x direction to the 
east, and the positive y direction to the 
north. @is the angle between north and the 
direction of the plane’s heading. The pilot 
must head so that the east-west component 


of Vp, is zero in order to make the plane fly 
due north. 


Use the diagram to express the 
condition relating the eastward 
component of V,,, and the 
westward component of V,,. This 


must be satisfied if the plane is to 
stay on its northerly course. [Note: 
this is equivalent to equating the x- 
components of equation (1).] 


Now solve for @ to obtain: 


Add the north components of Vp, 
and V,,, to find the velocity of the 
plane relative to the ground: 


Finally, find the time of flight: 
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(50 km/h) cos 45° = (240 km/h) sin0 
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8.47° 


O=sin (50 km/h )cos45° | _ 
240 km/h 


veg + Vagsin4s° = vpacos8.47° 
and 


Vpg = (240 km/h)cos 8.47° 
— (50 km/h)sin 45° 
= 202 km/h 
distance travelled 
flight — 
Vog 
_ 520km _ PS5Th 
202 km/h 
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Picture the Problem Let v,,, be the 
velocity of the boat relative to the shore; 
Vpw be the velocity of the boat relative to 
the water; and V,,, represent the velocity of 
the water relative to the shore. 
Independently of whether the boat is going 
upstream or downstream: 


Vas — Vaw* Vws 


Going upstream, the speed of the boat 
relative to the shore is reduced by the speed 
of the water relative to the shore. 


Going downstream, the speed of the boat 
relative to the shore is increased by the 
same amount. 


For the upstream leg of the trip: 
For the downstream leg of the trip: 


Express the total time for the trip in 
terms of the times for its upstream 
and downstream legs: 


Multiply both sides of the equation 


by (Vaw — Yws)(Vaw + Vs) (the 
product of the- denominators) and 
rearrange the terms to obtain: 


Solve the quadratic equation for 
Vgw. (Only the positive root is 
physically meaningful.) 
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Picture the Problem Let Vig be the 


velocity of the plane relative to the ground; 
V,, be the velocity of the air relative to the 


ground; and v., the velocity of the plane 
relative to the air. Then, Viz = Via + 

Vs The wind will affect the flight times 
differently along these two paths. 


B A 
a ae 
a 

—_r 
Going upstream: 
Ows —_ UBs 
— 
en 

pw 


Going downstream: 
lpw Ss €ws 

— > 

———<$— 
Ups 


Vas — VBw — Vws 
vgs = Vaw + Vws 


t +t 


total t vetveae downstream 


L L 
+ 


Vew ~Yws  Vaw + Vws 


2 2L 2 


Vew t Vaw 


The velocity of the plane, relative to 
the ground, on its eastbound leg is 
equal to its velocity on its 
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ae re 
Voge = pa — Vag 


= V(ism/s) —(5m/s) =14.1m/s 


westbound leg. Using the diagram, 
find the velocity of the plane 
relative to the ground for both 
directions: 


Express the time for the east-west t : =f¢ 
a . roundtrip, EW 

roundtrip in terms of the distances 

and velocities for the two legs: 


eastbound + L pestbeimad 


_ radius of the circle 


Vg,eastbound 


4 radius of the circle 


Vog, westbound 
3 
= 2x10'm -141 S 
14.1m/s 


Use the distances and velocities for the two legs to express and evaluate the time for 
the north-south roundtrip: 


radius of the circle rn radius of the circle 


| otitlicip NS = E vewttibaund + Lectin = 


Vpg,northbound Vog,southbound 


_ 10°’m n 10°’m 
(15m/s)—(5m/s) (15 m/s)+(5 m/s) 


Because t 


= 150s 


es you should fly your plane across the wind. 


roundtrip,EW roundtrip, NS» 
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Picture the Problem This is a relative 
velocity problem. The given quantities are 
the direction of the velocity of the plane 
relative to the ground and the velocity 
(magnitude and direction) of the air relative 
to the ground. Asked for is the direction of 
the velocity of the air relative to the 


ground. Using V,, =Vp, +V,q, drawa 


vector addition diagram and solve for the 
unknown quantity. 


Calculate the heading the pilot must . _; 30 kts 

‘ @=sin = 11,5° 
150 kts Bea 
Because this is also the angle of the Az = (011.5°) 


plane's heading clockwise from 
north, it is also its azimuth or the 
required true heading: 
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#69 oe 


Picture the Problem The position of B 
relative to A is the vector from A to B; i.e., 


Tyg =Ty Ty 
The velocity of B relative to A is 
Vag = aap / dt 
and the acceleration of B relative to A is 


Gy, =V,,,/dt 


Choose a coordinate system with the origin 


at the intersection, the positive x direction 
to the east, and the positive y direction to 
the north. 


(a) Find r,, F,, andr,» : 


Evaluate r,, at t= 6s: 


(b) Find V,, = dF, /dt : 


Evaluate V,, at t=6s: 


(c) Find dy, =dV,_/dt: 


*7Q eee 


F, = [40m -1(2m/s?)e? ]j 
7, =((20m/s)]i 


and 


Tag = 13 Ts 
= [(-20m/s)¢]i 
+ [40m —1(2m/s?)?? j 


7,,(68) =| (120 m)i +(4m) j 
2 dhe 
Vag di 
+40 m—4(2 mis}? 49] 

= (—20 m/s)i +(—2 m/s’)t j 


a “It 20 m/s)t\i 


¥,n(68)=| (—20m/s)i —(12 m/s)j 


fo = {20 m/s) i+ (-2 mis’) j] 


Note that d,, is independent of time. 


Picture the Problem Let / and h' represent the heights from which the ball is dropped 
and to which it rebounds, respectively. Let v and v’ represent the speeds with which the 
ball strikes the racket and rebounds from it. We can use a constant-acceleration equation 
to relate the pre- and post-collision speeds of the ball to its drop and rebound heights. 


(a) Using a constant-acceleration 
equation, relate the impact speed of 
the ball to the distance it has fallen: 


Relate the rebound speed of the ball 
to the height to which it rebounds: 


Divide the second of these equations 
by the first to obtain: 


Substitute for h' and evaluate the 
ratio of the speeds: 
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v =v +2gh 
or, because vo = 0, 


2gh 
v? =v"? —2gh' 


or because v = 0, 
2gh' 


can 


Ui JOURN as oe ay 
v a 


(5) Call the speed of the racket V. In a reference frame where the racket is 
unmoving, the ball initially has speed V, moving toward the racket. After it 
"bounces" from the racket, it will have speed 0.8 V, moving away from the racket. 


In the reference frame where the 
racket is moving and the ball 
initially unmoving, we need to add 
the speed of the racket to the speed 
of the ball in the racket's rest frame. 
Therefore, the ball's speed is: 


v'=V+0.8V =1.8V =45m/s 


=|! 100mi/h 
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This speed is close to that of a tennis pro’s 
serve. Note that this result tells us that the 
ball is moving significantly faster than the 


racket. 


’ From the result in part (5), the ball can never move more than twice as fast 
c 
as the racket. 


Circular Motion and Centripetal Acceleration 


71 


Picture the Problem We can use the definition of centripetal acceleration to express a, in 
terms of the speed of the tip of the minute hand. We can find the tangential speed of the 
tip of the minute hand by using the distance it travels each revolution and the time it takes 


to complete each revolution. 


Express the acceleration of the tip of 
the minute hand of the clock as a 
function of the length of the hand 
and the speed of its tip: 


Use the distance the minute hand 
travels every hour to express its 
speed: 


y 
a, == 
R 
27R 
y=— 
T 
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Substitute to obtain: Ar?R 
ce lig 

Substitute numerical values and 4n2(0.5m - 
evaluate ag: a, ae 1.52x10°° m/s” 
Express the ratio of a, to g: Be iae 

a ae =| 1.55x107 

; S 

72 ° 


Picture the Problem The diagram shows 
the centripetal and tangential accelerations 
experienced by the test tube. The tangential 
acceleration will be zero when the 
centrifuge reaches its maximum speed. The 
centripetal acceleration increases as the 
tangential speed of the centrifuge increases. 
We can use the definition of centripetal 
acceleration to express a, in terms of the 
speed of the test tube. We can find the 
tangential speed of the test tube by using 
the distance it travels each revolution and 
the time it takes to complete each 
revolution. The tangential acceleration can 
be found from the change in the tangential 
speed as the centrifuge is spinning up. 


(a) Express the acceleration of the y 

centrifuge arm as a function of the a, = R 

length of its arm and the speed of 

the test tube: 

Use the distance the test tube travels 27R 

every revolution to express its i= T 

speed: 

Substitute to obtain: A4n?R 
a, = 7 

Substitute numerical values and Ar? (0. 15 m) 

evaluate a,: a, = 


; Imin 60s ' 
15000rev min 


=| 3.70x10° m/s? 
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(6) Express the tangential 
acceleration in terms of the 
difference between the final and 
initial tangential speeds: 


Substitute numerical values and 
evaluate ar: 


73 

Picture the Problem The diagram includes 
a pictorial representation of the earth in its 
orbit about the sun and a force diagram 
showing the force on an object at the 
equator that is due to the earth’s rotation, 


F,, and the force on the object due to the 


orbital motion of the earth about the sun, 
F,. Because these are centripetal forces, 


we can calculate the accelerations they 
require from the speeds and radii associated 
with the two circular motions. 


Express the radial acceleration due 
to the rotation of the earth: 

Express the speed of the object on 
the equator in terms of the radius of 
the earth R and the period of the 
earth’s rotation Tr: 


Substitute for vp in the expression 
for ag to obtain: 


Substitute numerical values and 
evaluate ap: 


2mR | 0 
a ati T _ 2AR 
‘At At TAt 
27(0.1 
gee z(0.15m) 


f= fo... =a. Ny 
lmin : au (75s) 
15000rev min 


=| 3.14m/s’ 
= 
v 
= m 
— 27R 
R Tr 
An’R 
ar = Te 
_ 427(6370x10'm) 
R77, |) \q2 


eof] 


3.37x10° m/s” 


=| 3.44x10°%¢ 


Note that this effect gives rise to the well- 


II 


known latitude correction for g. 
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Express the radial acceleration due v. 

‘ i ES 
to the orbital motion of the earth: nr 
Express the speed of the object on iii 2ar 
the equator in terms of the earth-sun ° T, 
distance r and the period of the 
earth’s motion about the sun 7,: 
Substitute for v, in the expression An?r 

é a, =a 

for ay to obtain: 7 ie 
Substitute numerical values and evaluate Ge An’ (1 5x10" m) 


oO 


= 5.95x10° m/s’ =| 6.07x10*¢ 
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Picture the Problem We can relate the acceleration of the moon toward the earth to its 
orbital speed and distance from the earth. Its orbital speed can be expressed in terms of its 
distance from the earth and its orbital period. From tables of astronomical data, we find 
that the sidereal period of the moon is 27.3 d and that its mean distance from the earth is 
3.84x10° m. 


Express the centripetal acceleration y2 
of the moon: a, = me 
Express the orbital speed of the 2ar 
moon: et a 
Substitute to obtain: A4n?r 
a, = 

T 
Substitute numerical values and Aq” 3 84108 m) 
evaluate a,: a, = 2 

24h 
[27.34% edease ee.) 


= 2.72x10° m/s” 


=| 2.78x10% g 
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radius of earth 


a 
Remarks: Note that —© = — 
g__ distance from earth to moon 


due to the earth’s gravity evaluated at the moon’s position). This is Newton’s 
famous “falling apple” observation. 


(a, is just the acceleration 


75° 

Picture the Problem We can find the number of revolutions the ball makes in a given 

period of time from its speed and the radius of the circle along which it moves. Because 

the ball’s centripetal acceleration is related to its speed, we can use this relationship to 

express its speed. 

Express the number of revolutions x 

per minute made by the ball in terms oe (1) 
: : c 

of the circumference c of the circle 

and the distance x the ball travels in 


time ¢: 
Relate the centripetal acceleration of y 
the ball to its speed and the radius of a,=§= R 
its circular path: 
Solve for the speed of the ball: ee [Re 
Express the distance x traveled in x=vt 
time ¢ at speed v: 
Substitute to obtain: x=,/Ret 
The distance traveled per revolution c=2rR 
is the circumference c of the circle: 
Substitute in equation (1) to obtain: Ret 4 
n= S* = [é t 
27R 2n\VR 
Substitute numerical values and 1 [9.81m/s? 


. _ _ in 
evaluate n: n= aa 08m (60s) = 


Remarks: The ball will oscillate at the end of this string as a simple pendulum with 
a period equal to 1/n. 


Projectile Motion and Projectile Range 
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Picture the Problem Neglecting air resistance, the accelerations of the ball are constant 
and the horizontal and vertical motions of the ball are independent of each other. We can 
use the horizontal motion to determine the time-of-flight and then use this information to 
determine the distance the ball drops. Choose a coordinate system in which the origin is 
at the point of release of the ball, downward is the positive y direction, and the horizontal 


164 Chapter 3 
direction is the positive x direction. 


Express the vertical displacement of 
the ball: 


Find the time of flight from 
Vx = Ax/At: 


Substitute to find the vertical 
displacement in 0.473 s: 
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Ay=\,At+ 7a, (Ary 
or, because vo, = 0 and a, = g, 
Ay = 3g(Aty 
Ar = 
ve 
___(18.4m)(3600s/h) _ eee 
(140 km/h)(1000m/km) 


Ay =4(9.81m/s? )(0.473s)° = 


Picture the Problem In the absence of air resistance, the maximum height achieved by a 
projectile depends on the vertical component of its initial velocity. 


The vertical component of the 
projectile’s initial velocity is: 


Use the constant-acceleration 
equation: 


Set v, = 0, a=—g, and Ay=/ to 
obtain: 
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Picture the Problem Choose the 
coordinate system shown to the right. 
Because, in the absence of air resistance, 
the horizontal and vertical speeds are 
independent of each other, we can use 
constant-acceleration equations to relate 
the impact speed of the projectile to its 
components. 


The horizontal and vertical velocity 
components are: 


Using a constant-acceleration 
equation, relate the vertical 


Voy = Vo sind, 


2 2 
Vi =%,+2a,Ay 


(v, sind) 


2g 


1,2 vy 


Vox = Vi= VocosO 
and 
Voy = Vosin@ 
Dn oo 
Vv, =v, +2a,Ay 


or, because a, = —g and Ay = —-h, 


component of the velocity to the 
vertical displacement of the 
projectile: 


Express the relationship between the 
magnitude of a velocity vector and 
its components, substitute for the 
components, and simplify to obtain: 


Substitute for v: 


Set v= 1.2 v,, = 40 m and solve 
for vp: 
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v= (v, sind) +2gh 


Vv=vity, = (v, cosOy +, 
= v2 (sin? 0 +cos 0)+ 2gh 
=v +2gh 


(1 2v,) =v +2gh 


V) =| 42.2 m/s 


Remarks: Note that v is independent of @ This will be more obvious once 


conservation of energy has been studied. 
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Picture the Problem Example 3-12 shows that the dart will hit the monkey unless the 
dart hits the ground before reaching the monkey’s line of fall. What initial speed does the 
dart need in order to just reach the monkey’s line of fall? First, we will calculate the fall 
time of the monkey, and then we will calculate the horizontal component of the dart’s 


velocity. 


Using a constant-acceleration 
equation, relate the monkey’s fall 
distance to the fall time: 


Solve for the time for 
the monkey to fall to the ground: 


Substitute numerical values and 
evaluate f: 


Let @ be the angle the barrel of the 
dart gun makes with the horizontal. 
Then: 


Use the fact that the horizontal 
velocity is constant to determine vo: 


6 =tan7| 19™ )~ 11.3° 
50m 


v (50m/1.51s) 
=—4+_= =| 33.8m/ 
i cos0@ cos11.3° [33.8mis | 
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Picture the Problem Choose the 
coordinate system shown in the figure to 
the right. In the absence of air resistance, 
the projectile experiences constant 
acceleration in both the x and y directions. 
We can use the constant-acceleration 
equations to express the x and y 
coordinates of the projectile along its 
trajectory as functions of time. The 
elimination of the parameter ¢ will yield an 
expression for y as a function of x that we 
can evaluate at (R, 0) and (R/2, h). Solving 
these equations simultaneously will yield 
an expression for 0. 


Express the position coordinates 
of the projectile along its flight 
path in terms of the parameter ¢: 


Eliminate the parameter ¢ to 
obtain: 


Evaluate equation (1) at (R, 0) to 
obtain: 


Evaluate equation (1) at (R/2, h) 
to obtain: 


Equate R and / and solve the 
resulting equation for @: 


Remarks: Note that this result is independent of vo. 
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Picture the Problem In the absence of air 
resistance, the motion of the ball is 
uniformly accelerated and its horizontal 
and vertical motions are independent of 
each other. Choose the coordinate system 
shown in the figure to the right and use 


constant-acceleration equations to relate the 


x and y components of the ball’s initial 
velocity. 


Use the components of vp to express 
Jin terms of vo, and vo,: 


(R/2, h) 


(R, 0)" 
x =(v, cos) 
and 
y=(v,sin6)t —4 gt? 
§ 2 
= (tan 0 )x -—.>——_ x 1 
yaad) 2v; cos’ O 7 
fe 2v; sin cos 0 
& 
o (v, sin@y 
2g 
6 =tan'(4)=| 76.0° 
y,m 
6 . 
O Pr x,m 
Vv 
@ = tan! (1) 


Use the Pythagorean relationship 
between the velocity and its 
components to express vo: 


Using a constant-acceleration 
equation, express the vertical speed 
of the projectile as a function of its 
initial upward speed and time into 
the flight: 


Because v, = 0 halfway through the 
flight (at maximum elevation): 


Determine vo: 


Substitute in equation (2) and 
evaluate vo: 


Substitute in equation (1) and 
evaluate 0: 
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Picture the Problem In the absence of 


friction, the acceleration of the ball is 
constant and we can use the constant- 
acceleration equations to describe its 
motion. The figure shows the launch 


conditions and an appropriate coordinate 
system. The speeds v, v,, and v, are related 


through the Pythagorean Theorem. 


The squares of the vertical and 
horizontal components of the 
object’s velocity are: 


The relationship between these 
variables is: 


Substitute and simplify to obtain: 
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Vo = 4 Iv, + Voy (2) 


Wr Voyt a, t 


Voy = (9.81 m/s’)(1.22 s) = 12.0 m/s 


a 
At 2.445 
vy, =(16.4m/s)’ + (12.0m/s)’ 
=| 20.3 m/s 
get) 2S | Go 
16.4m/s 


and 
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Note that v is independent of 0... as was 


to be shown. 
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Picture the Problem In the absence of air 
resistance, the projectile experiences 
constant acceleration during its flight and 
we can use constant-acceleration equations 
to relate the speeds at half the maximum 
height and at the maximum height to the 
launch angle 0 of the projectile. 


The angle the initial velocity makes 
with the horizontal is related to the tan 0 =— 
initial velocity components. 


Write the equation Ay=h>0= Voy —2gh (1) 
vy =, » + 2aAy, for Ay = h and 

vy = 0: 

h 


h 2 2 
ee aa ae aa (2) 


Write the equation 
vy = Voy + 2aAy, for Ay = h/2: 


We are given v, = (3/4)vo. Square a) 

both sides and express this using the vo + vy = (3 (2, +VE ) (3) 
components of the velocity. The x 

component of the velocity remains where we have used v, =Vo,. 
constant. 


(Equations 1, 2, and 3 constitute three equations and four unknowns Vox, Voy, Vy, and h. To 
solve for any of these unknowns, we first need a fourth equation. However, to solve for 
the ratio (Voy/Vox) of two of the unknowns, the three equations are sufficient. That is 


because dividing both sides of each equation by Vox gives three equations and three 


2 
unknowns Vy/Vox, Voy/Vox, and h/ V9, . 


Solve equation 2 for gh and , ; ; : 
substitute in equation 1: Voy = (v3 eu, )=> Vv, = 


Substitute for vy in equation 3: 1 ay 
aa? ae ( 2 ay? ) 
Vox 2 Voy = 4 Ox Oy 


Divide both sides by Vox and solve 
for Voy/Vox to obtain: 


Using tan 0= Voy/Vox, Solve for @: 
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Picture the Problem The horizontal speed 
of the crate, in the absence of air resistance, 
is constant and equal to the speed of the 
cargo plane. Choose a coordinate system in 
which the direction the plane is moving is 
the positive x direction and downward is 
the positive y direction and apply the 
constant-acceleration equations to describe 
the crate’s displacements at any time 
during its flight. 


(a) Using a constant-acceleration 
equation, relate the vertical 
displacement of the crate Ay to the 
time of fall At: 


Solve for At: 


Substitute numerical values and 
evaluate At: 


(b) The horizontal distance traveled 
in 49.5 s is: 


(c) Because the velocity of the plane 
is constant, it will be directly over 
the crate when it hits the ground; 
1.e., the distance to the aircraft will 
be the elevation of the aircraft. 


Motion in One and Two Dimensions 


2 2 
ee ae je 
2v, 16 Vis 


and 
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0= tn ( = tan“(J7)= 69.3° 


— — — —x,km 


12 


(R, 12) 
y, km 


Ay = Vo ,At + + g(Aty 
or, because vo, = 0, 


Ay = ze (Ary 


2Ay 


Vg 


At = aliax10'm) _ 955) 


\ 9.81m/s? 


R=Ax=v,,At 


= (900 knmn| 2 a9. s) 


3600s 
=| 12.4km 
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Picture the Problem In the absence of air 
resistance, the accelerations of both Wiley 
Coyote and the Roadrunner are constant 
and we can use constant-acceleration 
equations to express their coordinates at 
any time during their leaps across the 
gorge. By eliminating the parameter ¢ 
between these equations, we can obtain an 
expression that relates their y coordinates 
to their x coordinates and that we can solve 
for their launch angles. 


(a) Using constant-acceleration 
equations, express the x coordinate 
of the Roadrunner while it is in 
flight across the gorge: 


Using constant-acceleration 
equations, express the y coordinate 
of the Roadrunner while it is in 
flight across the gorge: 


Eliminate the parameter f¢ to obtain: 


Letting R represent the 
Roadrunner’s range and using the 
trigonometric identity 

sin2 @= 2sin@cos@ solve for and 
evaluate its launch speed: 


(5) Letting R represent Wiley’s 
range, solve equation (1) for his 
launch angle: 


Substitute numerical values and 
evaluate ): 


y,m Dy 


x,m 
-100 
X=X +Vv,,f+ tat 
or, because xp = 0, a, = 0 and 
Vox = Vo COSA), 
x=(v, cos @, )t 
YV=YVotVoyl that 
or, because yo = 0, a, =-g and 
Voy = Vo Sin @, 
y= (vy sin 6, )t — 4 gt? 
y =(tan 8, )x-—-4$ x?) 


Rg (16.5m){9.81 m/s” 


7 sin 30° 


ae aati 
(18.0m/s) 
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Picture the Problem Because, in the 
absence of air resistance, the vertical and 
horizontal accelerations of the cannonball 
are constant, we can use constant- 
acceleration equations to express the ball’s 
position and velocity as functions of time 
and acceleration. The maximum height of 
the ball and its time-of-flight are related to 
the components of its launch velocity. 


(a) Using a constant-acceleration 
equation, relate / to the initial and 
final speeds of the cannonball: 


Find the vertical component of the 
firing speed: 


Solve for and evaluate h: 


(5) The total flight time is: 


(c) Express the x coordinate of the 
ball as a function of time: 


Evaluate x (= R) when At = 43.2 s: 
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Picture the Problem Choose a coordinate 
system in which the origin is at the base of 
the tower and the x- and y-axes are as 
shown in the figure to the right. In the 
absence of air resistance, the horizontal 
speed of the stone will remain constant 
during its fall and a constant-acceleration 
equation can be used to determine the time 
of fall. The final velocity of the stone will 
be the vector sum of its x and y 
components. 
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= Voy +2a,Ay 
or, because v = 0 and a, =~g, 
0= Voy —2gAy 


Voy = vosin@ = (300 m/s)sin 45° 
= 212 m/s 


- Vy _ (212m/s) 


“3¢ 2.81mi) 222Km 


At = ty, + bay = by 
Voy _ 2(212m/s) 
=? =" =| 43.25 
oe 


x =V),At =(v, cosO)At 


x =[(300m/s)cos45°|(43.2s) 


= [916k 
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(a) Using a constant-acceleration 
equation, express the vertical 
displacement of the stone (the 
height of the tower) as a function of 
the fall time: 


Solve for and evaluate the time of 
fall: 


Use the definition of average 
velocity to find the velocity with 
which the stone was thrown from 
the tower: 


(6) Find the y component of the 
stone’s velocity after 2.21 s: 


Express v in terms of its 
components: 


Substitute numerical values and 
evaluate v: 
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Ay =v,At+7a, (Ary 
or, because vo, = 0 and a = —g, 


Ay =-Lg(Aty 


Vv, =VYyy— gt 
= 0— (9.81 m/s2)(2.21s) 
= —21.7 m/s 


v= {Ve +. 
v= y(8.14m/s) + (-21.7m/s) 


=| 23.2m/s 


Picture the Problem In the absence of air resistance, the acceleration of the projectile is 
constant and its horizontal and vertical motions are independent of each other. We can 
use constant-acceleration equations to express the horizontal and vertical displacements 
of the projectile in terms of its time-of-flight. 


Using a constant-acceleration 
equation, express the horizontal 
displacement of the projectile as a 
function of time: 


Using a constant-acceleration 
equation, express the vertical 
displacement of the projectile as a 
function of time: 


Substitute numerical values to 
obtain the quadratic equation: 


Solve for At: 


Ax =v,,At+4a,(Aty 
or, because vo, = vocos@ and a, = 0, 


Ax =(v, cos@)At 


At+ta,(At) 


y 


Ay =v 
or, because vo, = vosin@ and a, = —g, 


Ay = (v, cos @)At —4.g(Aty 


~ 200m = (60m/s\sin 60°)At 
~4(9.81m/s? (Ary 


At = 13.6 s 


Substitute for At and evaluate the 
horizontal distance traveled by the 
projectile: 
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Picture the Problem In the absence of air 
resistance, the acceleration of the 
cannonball is constant and its horizontal 
and vertical motions are independent of 
each other. Choose the origin of the 
coordinate system to be at the base of the 
cliff and the axes directed as shown and 
use constant- acceleration equations to 
describe both the horizontal and vertical 
displacements of the cannonball. 


Express the direction of the velocity 
vector when the projectile strikes 
the ground: 


Express the vertical displacement 
using a constant-acceleration 
equation: 


Set Ax = —Ay (R = —A) to obtain: 


Solve for v,: 


Find the y component of the 
projectile as it hits the ground: 


Substitute and evaluate 0: 
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Picture the Problem In the absence of air 
resistance, the vertical and horizontal 
motions of the projectile experience 
constant accelerations and are independent 
of each other. Use a coordinate system in 
which up is the positive y direction and 
horizontal is the positive x direction and 
use constant-acceleration equations to 
describe the horizontal and vertical 
displacements of the projectile as functions 
of the time into the flight. 
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Ax = (60 m/s)(cos60°)(13.6 s) 


- [2087] 


Ay =v,,At+ 3a, (Ary 
or, because vo, = 0 and a, = —g, 


Ay =—42(Ary 


Ax =v. At =1¢(Aty 


v= Se = bet 


y,m 


O 


173 


174 Chapter 3 


(a) Use a constant-acceleration Ax =v) At 

equation to express the horizontal - ( 8) iA 

displacement of the projectile as a = yg oOo St 

function of time: 

Evaluate this expression when Ae = 300m/s)cos60°(6s)—| O00m 
- (300 mis)(cos60°)(6s)=[900m | 
(5) Use a constant-acceleration Ay = (v, sin 6) Ar —4 Fal Aty 


equation to express the vertical 
displacement of the projectile as a 
function of time: 


Evaluate this expression when At = 6 s: 


Ay = (300 m/s)(sin60°)(6s)-+4(9.81m/s?)(6s)’ =| 1.38km 
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Picture the Problem In the absence of air y 
resistance, the acceleration of the projectile 
is constant and the horizontal and vertical 
motions are independent of each other. 
Choose the coordinate system shown in the 
figure with the origin at the base of the cliff 
and the axes oriented as shown and use 
constant-acceleration equations to find the 
range of the cannonball. O rR 


Using a constant-acceleration Ax =v,,At+4a, ( Ary 
equation, express the horizontal , 
displacement of the cannonball as a 
function of time: Ax = (v, cosé Jar 


or, because vo, = vocos@ and a, = 0, 


Using a constant-acceleration Ay = Voy At + 4 a, ( A ty 
equation, express the vertical “ 
displacement of the cannonball as a : 
function of time: Voy = vosin@, 


~ 40m = (42.2 m/s)(sin30°)At 
—4(9.81m/s? (Ary 


or, because y = —40 m, a =~—g, and 


Solve the quadratic equation for At: At = 5.73 s 


Calculate the range: R=Ax= (42.2 m/s)(cos30°)(5.73 s) 
=| 209m 


Motion in One and Two Dimensions 
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Picture the Problem Choose a coordinate 
system in which the origin is at ground 
level. Let the positive x direction be to the 
right and the positive y direction be 
upward. We can apply constant- 
acceleration equations to obtain parametric 
equations in time that relate the range to 
the initial horizontal speed and the height / 
to the initial upward speed. Eliminating the 
parameter will leave us with a quadratic 
equation in R, the solution to which will 
give us the range of the arrow. In (5), we’ll 
find the launch speed and angle as viewed 
by an observer who is at rest on the ground 
and then use these results to find the 
arrow’s range when the horse is moving at 
12 m/s. 


(a) Use constant-acceleration 
equations to express the 
horizontal and vertical 
coordinates of the arrow’s 
motion: 


Solve the x-component equation 
for time: 


Eliminate time from the 
y-component equation: 


Solve for the range to obtain: 
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R=Ax =X—Xy) =Vo,t 

and 

yah +Vo,¢ +4(- gy 

where 

Voy = Vy) cos@and v,, =v, sind 


R 
(= —s= 
Vy, Vy cosé 


x 


Lt Ry 
yao oly, 
Ox Ox 


and, at (R, 0), 


0=h+(tan@)R- & R’ 


2v, cos’ 6 


a 2gh 
R=—-sin 24 1+ [1+ -— 
2g Vv) sin” 0 


Substitute numerical values and evaluate R: 


(45m/s) 


R= 5 sin 20° 14+ /14+ 
2(9.81m/s ) 


2(9.81m/s? \2.25m) 


(45 m/s) (sin? 10°) 
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(b) Express the speed of the V,,. = Vawow + Varcher 
arrow in the horizontal _ (45 m/s)cos10° 419 mis 
direction: 
= 56.3 m/s 
Express the vertical speed of the Vv, = (45 m/s)sin10° = 7.81 m/s 
arrow: 
Express the angle of elevation af, _( 7.81m/s 
from the perspective of someone 6 = tan a tan 563s 7.90° 
on the ground: 
Express the arrow’s speed Vy = h? +? 


relative to the ground: 


= (56.3 m/s) + (7.81m/s) 
= 56.8m/s 


Substitute numerical values and evaluate R: 
(56.8m/s) 2(9.81m/s?)(2.25m) 
R= 15.89 1+. /1 =| 104 
2(9.81m/s?) ad (56.8m/s) (sin?7.9°) 


Remarks: An alternative solution for part (b) is to solve for the range in the 
reference frame of the archer and then add to it the distance the frame travels, 
relative to the earth, during the time of flight. 
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Picture the Problem In the absence of air 
resistance, the horizontal and vertical 
motions are independent of each other. ~— 
Choose a coordinate system oriented as \ 
shown in the figure to the right and apply % 
constant-acceleration equations to find the \ 
time-of-flight and the range of the spud- \ 

plug. Nm 


(a) Using a constant-acceleration Ay =v),At+4 a, ( Aty 
equation, express the vertical : 
displacement of the plug: or, because vo, = 0 and a, = —g, 


Ay =—4g(ary 


Solve for and evaluate the flight 2Ay 2(- 1.00 m) 
time Ar: At = | 7 | 
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(6) Using a constant-acceleration 
equation, express the horizontal 
displacement of the plug: 


Substitute numerical values and 
evaluate R: 
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Ax =v, At+4a,(Aty 
or, because a, = 0 and vo; = vo, 


Ax = v,At 


Ax = R = (50m/s)(0.452s) = 


Picture the Problem An extreme value (i.e., a maximum or a minimum) of a function is 
determined by setting the appropriate derivative equal to zero. Whether the extremum is a 
maximum or a minimum can be determined by evaluating the second derivative at the 


point determined by the first derivative. 


Evaluate dR/dO): 


Set dR/d&= 0 for extrema and solve 
for &: 


Determine whether 45° is a 
maximum or a minimum: 
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Picture the Problem We can use constant- 
acceleration equations to express the x and 
y coordinates of a bullet in flight on the 
moon as a function of ¢. Eliminating this 
parameter will yield an expression for y as 
a function of x that we can use to find the 
range of the bullet. The necessity that the 
centripetal acceleration of an object in orbit 
at the surface of a body equal the 
acceleration due to gravity at the surface 
will allow us to determine the required 
muzzle velocity for orbital motion. 


(a) Using a constant-acceleration 
equation, express the x coordinate of 
a bullet in flight on the moon: 


6, =4cos '0= 45° 


d°R 
dO, 


= | Alva /g)sin 26, =45° 


<0 


.. Ris a maximum at & = 45° 


X=X)tV,f+ lat’ 

or, because x = 0, a, = 0 and 
Vox = VoCos &, 

x=(v, cos @, )t 
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Using a constant-acceleration Y=VotV, t +4 at? 
equation, express the y coordinate of : 


a bullet in flight on the moon: or, because Yo = 0, ay =—Zmoon and 


Voy = vosin &, 


Jy = (v, sin a) Me —4$.Broont 


Eliminate the parameter f¢ to obtain: g , 
y =(tan@, )x ae 
2v, cos’ 8 
0 0 


When y= 0 andx=R: 
* 0= (tan 0, )R — a= bine 2 a Re 
2v, cos’ A 
and 
p 


Ras sin 20, 


S moon 
Substitute numerical values and 900m/s)_. 
evaluate R: R= (00m) inv0e =4.85x10°m 


=| 485km 


This result is probably not very accurate 
because it is about 28% of the moon’s 
radius (1740 km). This being the case, we 
can no longer assume that the ground is 
"flat" because of the curvature of the moon. 


(6) Express the condition that the oe... 

centripetal acceleration must satisfy 

for an object in orbit at the surface a 

of the moon: r 

Solve for and evaluate v: = noon? _ 2 6 
V=Znoont” = (1.67 m/s* \1.74 x 10° m 

=| 1.70km/s 
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Picture the Problem We can show that AR/R =—Ag/g by differentiating R with respect 
to g and then using a differential approximation. 


Differentiate the range equation dR d(v y? 
with respect to g: —= ae sin 28 =—-—% sin 26, 
dg dg\ g g 
R 
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Approximate dR/dg by AR/Ag: AR_ R 
Ag 8 

Separate the variables to obtain: AR_ Ag 
Rog 


i.e., for small changes in gravity 
(g~gtAg), the fractional change in R 
is linearly opposite to the fractional change 
ing. 

Remarks: This tells us that as gravity increases, the range will decrease, and vice 


versa. This is as it must be because R is inversely proportional to g. 
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Picture the Problem We can show that AR/R = 2Av)/ vo by differentiating R with respect 
to vo and then using a differential approximation. 


Differentiate the range equation dR d{w. 
with respect to vo: — =—| sin 20, | =—*sin 20, 
dv, dvy\ g 
_7,R 
Vo 
Approximate dR/dvp by AR/Avo: AR _ > R 
Avy Vo 
Separate the variables to obtain: AR | 5 Avy 
R- Vo 


i.e., for small changes in the launch 
velocity (Vv) ¥ v) + Ay, ), the fractional 


change in R is twice the fractional change 
IN Vo. 


Remarks: This tells us that as launch velocity increases, the range will increase 
twice as fast, and vice versa. 
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Picture the Problem Choose a coordinate system in which the origin is at the base of the 
surface from which the projectile is launched. Let the positive x direction be to the right 
and the positive y direction be upward. We can apply constant-acceleration equations to 
obtain parametric equations in time that relate the range to the initial horizontal speed and 
the height / to the initial upward speed. Eliminating the parameter will leave us with a 
quadratic equation in R, the solution to which is the result we are required to establish. 


Write the constant-acceleration 4=V,2 
equations for the horizontal and 


: se d 
vertical parts of the projectile’s a 
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motion: 


Solve the x-component equation for 
time: 


Using the x-component equation, 
eliminate time from the 
y-component equation to obtain: 


When the projectile strikes the 
ground its coordinates are (R, 0) and 
our equation becomes: 


Using the plus sign in the quadratic 
formula to ensure a physically 
meaningful root (one that is 
positive), solve for the range to 
obtain: 


co) 


2 


= h+vot+4(- g)t 
where 
Voy = Vo COS@ and vy, = vy sind 


xX xX 


———— 


Vor Vy cosé 


& 2 


=h+(tan@)x -_.2—— x 
4 tend) 2v, cos’ @ 


&§ 2 
0=h+(tand)R -—~>—_R 
(a) 2v; cos’ @ 


2 
R=|(14.(1+—28" _ |™ sin 29, 
vy sin’ A )2g 


Picture the Problem We can use trigonometry to relate the maximum height of 

the projectile to its range and the sighting angle at maximum elevation and the range 
equation to express the range as a function of the launch speed and angle. We can use a 
constant-acceleration equation to express the maximum height reached by the projectile 
in terms of its launch angle and speed. Combining these relationships will allow us to 


conclude that tang = Stand. 


Referring to the figure, relate the 
maximum height of the projectile to 
its range and the sighting angle ¢: 


Express the range of the rocket and 
use the trigonometric identity 

sin 20 = 2sin @cos@ to rewrite the 
expression as: 


Using a constant-acceleration 
equation, relate the maximum height 
of a projectile to the vertical 
component of its launch speed: 


Solve for the maximum height h: 


ings 


R/2 


2 2 


R= ” sin(20) =2~ sin cos 
& & 


Fo 39 
Vv, =V, ~2gh 
or, because v, = 0 and vo, = vosin8 


v, sin’ @=2gh 


2 
h=~-~—sin? 0 
2g 


Substitute for R and / and simplify 
to obtain: 


100 °- 

Picture the Problem In the absence of air 
resistance, the horizontal and vertical 
displacements of the projectile are 
independent of each other and describable 
by constant-acceleration equations. Choose 
the origin at the firing location and with the 
coordinate axes as shown in the figure and 
use constant-acceleration equations to 
relate the vertical displacement to vertical 
component of the initial velocity and the 
horizontal velocity to the horizontal 
displacement and the time of flight. 


(a) Using a constant-acceleration 
equation, express the vertical 
displacement of the projectile as a 
function of its time of flight: 


Solve for vo,: 


Substitute numerical values and 
evaluate vo,: 


(b) The horizontal velocity remains 
constant, so: 
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Picture the Problem In the absence of air 
resistance, the acceleration of the stone is 
constant and the horizontal and vertical 
motions are independent of each other. 
Choose a coordinate system with the origin 
at the throwing location and the axes 
oriented as shown in the figure and use 
constant- acceleration equations to express 
the x and y coordinates of the stone while it 
is in flight. 
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2 
27 sin’ 0 
tan g = 2 =| >tand 
2” sin AcosO 
& 


y,m 


(3000, 450) 


x,m 


Ay =v,At+ 74, (Ary 
or, because a, = —g, 


Ay =v, At—3 g(Aty 


2 


Ay +5g(aty 
oe 


_ 450m +4(9.81m/s?\20s) 


Vo 


- 20s 
=| 121m/s 
Vo, =V, Bee 150 m/s 
At 20s 
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. ; : _ 1.2 
Using a constant acceleration X=X)tV,t++a4,t 
equation, express the x coordinate of ee En ee ee ee 
the stone in flight: : eee 0 se 
X=Vot 
ing a constant-acceleration = ly #2 
Using a cons cceleratio Y=HVtvy,t+4a,t 


equation, express the y coordinate of 


the stone in flight: or, because yo = 0, vo, = 0 and a, = g, 


y=zet 
Referring to the diagram, express Baas y 
the relationship between @, y and x i 
at impact: 
Substitute for x and y and solve for g 2 g 
the time to impact: tang =2—=—-+ 

Vot  2V, 

Solve for ¢ to obtain: 2v, 

t=—“*tand 

& 

Referring to the diagram, express Sf eptiis y 
the relationship between @, L, y and aS 7 Aa 
x at impact: 
Substitute for y to obtain: ? 

&" = Los 

2g 
Substitute for ¢ and solve for L to 2v2 tan 0 
obtain: Pa 

gcosé 
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Picture the Problem The equation of a particle’s trajectory is derived in the text so we'll 
use it as our starting point in this derivation. We can relate the coordinates of the point of 
impact (x, y) to the angle ¢ and use this relationship to eliminate y from the equation for 
the cannonball’s trajectory. We can then solve the resulting equation for x and relate the 
horizontal component of the point of impact to the cannonball’s range. 


The equation of the cannonball’s 


trajectory is given in the text: y(x) = (tan 6, )x — — = a 
2v, cos” 8, 


Relate the x and y components of a V(x) = (tan d)x 
point on the ground to the angle ¢: 


Express the condition that the 


cannonball hits the ground: (tan o)x = (tan 0, )x- ——— x 
2v, cos’ A 


Solve for x to obtain: 


Relate the range of the cannonball’s 
flight R to the horizontal distance x: 


Substitute to obtain: 


Solve for R: 
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Picture the Problem In the absence of air 
resistance, the acceleration of the rock is 
constant and the horizontal and vertical 
motions are independent of each other. 
Choose the coordinate system shown in the 
figure with the origin at the base of the 
building and the axes oriented as shown 
and apply constant-acceleration equations 
to relate the horizontal and vertical 
displacements of the rock to its time of 
flight. 


Find the horizontal and vertical 
components of vo: 


Using a constant-acceleration 
equation, express the horizontal 
displacement of the projectile: 


Using a constant-acceleration 
equation, express the vertical 
displacement of the projectile: 


Solve the x-displacement equation 
for At: 


Substitute At into the expression for 
Ay: 


Solve for vp to obtain: 


Find At at impact: 
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oe 2v, cos’ @, (tan @, — tan g) 
& 


x=Rcos¢ 


2v; cos’ O, (tan 8, — tan) 


Rcosg= 
& 
2 2 
R= 2v, cos’ 8, (tan, — tan @) 
gcos¢@ 

y, = D% 

20 

0 

0 ideas 


Vox = Vo COS53° = 0.602 Vo 
Voy = Vo sin53° = 0.799 V6 


Ax = 20m = v,, At = (0.602¥, )At 


Ay = -20m = vy, At — 1 g(Aty 
= (0.799y, At —4.g(At)” 


20m 


At = 
0.602¥, 


—~ 20 m = (0.799v, At — (4.91 m/s? (At? 


20m 


At = ————_..—__ 
(10.8 m/s)cos53° 


=3.08s 
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Using constant-acceleration V, =, =6.50m/s 


equations, find v, and v, at impact: anal 


V, =Vo, — gAt = —21m/s 


Express the velocity at impact in 
vector form: 


¥ =| (6.50 m/s)i +(-21.6 m/s)j 
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Picture the Problem The ball experiences constant acceleration, except during its 
collision with the wall, so we can use the constant-acceleration equations in the analysis 
of its motion. Choose a coordinate system with the origin at the point of release, the 
positive x axis to the right, and the positive y axis upward. 


Using a constant-acceleration Ay =vy,At— 1 e( A a 
equation, express the vertical 

displacement of the ball as a 

function of At: 


When the ball hits the ground, —2m-=(l0m/s)At 

sila ~1(9.81m/s? (Ary 
Solve for the time of flight: tiie AL = 2225 

Find the horizontal distance traveled Ax = (10 m/s) (2.22 s) =22.2 m 


in this time: 


The distance from the wall is: ke Rige 


Hitting Targets and Related Problems 
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Picture the Problem In the absence of air 
resistance, the acceleration of the pebble is y,m 
constant. Choose the coordinate system 
shown in the diagram and use constant- 
acceleration equations to express the 
coordinates of the pebble in terms of the 
time into its flight. We can eliminate the 
parameter ¢ between these equations and 
solve for the launch velocity of the pebble. 
We can determine the launch angle from 
the sighting information and, once the 
range is known, the time of flight can be 
found using the horizontal component of 
the initial velocity. 


Referring to the diagram, express 0 
in terms of the given distances: 


Use a constant-acceleration equation 
to express the horizontal position of 
the pebble as a function of time: 


Use a constant-acceleration equation 
to express the vertical position of 
the 

pebble as a function of time: 


Eliminate the parameter ¢ to obtain: 


At impact, y= 0 andx=R: 


Solve for vo to obtain: 


Substitute numerical values and 
evaluate vo: 


Substitute in equation (1) to relate R 
to tight: 


Solve for and evaluate the time of 
flight: 
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Picture the Problem The acceleration of 
the ball is constant (zero horizontally and — 
g vertically) and the vertical and horizontal 
components are independent of each other. 
Choose the coordinate system shown in the 
figure and assume that v and tare 
unchanged by throwing the ball slightly 
downward. 


Express the horizontal displacement 
of the ball as a function of time: 
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GaGa) | coe 
40m 


X=Xy)tV,t++a,t’ 


or, because x = 0, vox = vocos@, and 


a, = 0, 
x =(v,cos@)t 


= 1 2 
YV=No + V0 + 7a,t 


0) 


or, because yo = 0, vo, = vosin@, and 


ay = —&) 
y=(ysind-Let 
§ 2 


y=(tand)x 2 cos? O 


g 
0 =(tan@)R -—2>—— 
kane) 2v5 cos’ 6 
_ | ¥g 
"0 ¥ sin 20 
oe (40 m)(9.81 m/s”) _ 
°  ¥  sin13.8° 


R=(v, cos6)t 


flight 


40m 


=. 
Met (40.6 m/s)cos6.91° 


40.6 m/s 


0.992s 


Ax = v,,At + 4a,(Aty 
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or, because a, = 0, 
Ax = v,, At 
Solve for the time of flight if the a Ax 18.4m nae 
: : t= = =U. Ss 
ball were thrown horizontally: %,  37.5m/s 


Using a constant-acceleration 
equation, express the distance the 
ball would drop (vertical 
displacement) if it were thrown 


Ay =v,At+ 34, (Ary 


or, bec 


ause Vo, = 0 and a, = —g, 


Ay =-1g(aty 


horizontally: 
Substitute numerical values and Ay = ~1(9.81m/s?\0.491 s) —=-].18m 
evaluate Ay: 


The ball must drop an additional 
0.62 m before it gets to home plate. 


y=(2.5-1.18)m 
= 1.32 m above ground 


Calculate the initial downward —0.62m 
speed the ball must have to drop Vy 0.4915 =—-1.26m 


0.62 m in 0.491 s: 
6 = tan | a tan’ =e 
v, 37.5 m/s 
=} —1.92° 


Remarks: One can readily show that ,/v; + v = 37.5 m/s to within 1%; so the 


assumption that v and t are unchanged by throwing the ball downward at an angle 
of 1.93° is justified. 


Find the angle with horizontal: 
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Picture the Problem The acceleration of 

the puck is constant (zero horizontally and y,m 
—g vertically) and the vertical and 2.80 


horizontal components are independent of 

each other. Choose a coordinate system 

with the origin at the point of contact with 

the puck and the coordinate axes as shown 

in the figure and use constant-acceleration 

equations to relate the variables vo,, the 0 
time ¢ to reach the wall, vo,, vo, and Q. 


wall 


Using a constant-acceleration 
equation for the motion in the y 
direction, express vo, as a function 
of the puck’s displacement Ay: 


2_.2 
Vy = Voy + 2a,Ay 
or, because v,= 0 and a, = —g, 


0= Voy —2gAy 


Solve for and evaluate vo,: 


Find ¢ from the initial velocity in the 
y direction: 


Use the definition of average 
velocity to find vo,: 


Substitute numerical values and 
evaluate vo: 


Substitute numerical values and 
evaluate 0: 
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Picture the Problem In the absence of air 
resistance, the acceleration of Carlos and 
his bike is constant and we can use 
constant-acceleration equations to express 
his x and y coordinates as functions of 
time. Eliminating the parameter ¢ between 
these equations will yield y as a function of 
x... an equation we can use to decide 
whether he can jump the creek bed as well 
as to find the minimum speed required to 
make the jump. 


(a) Use a constant-acceleration 
equation to express Carlos’ 
horizontal position as a function 
of time: 


Use a constant-acceleration equation 
to express Carlos’ vertical position 
as a function of time: 
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Voy = V2gdy = J2(2.80m)9.81m/s?) 
-[Taim 


Vo,  7.41m/s 
t=—= =| 0.756s 
g 9.81m/s? 
Ax 12.0m 
Mea = aa ome 


X=X,+W,t+ tat’ 

or, because xo = 0, Vox = vocos@, and 
a, = 0, 

x=(v, cos6)t 


V=Vo+tVo,t + tat? 

or, because yo = 0, vo, = vosin@, and 
ay ~—8; 

y=(v, sind) —1 g¢? 
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Eliminate the parameter f¢ to obtain: 


Substitute y = 0 and x = R to obtain: 


Solve for and evaluate R: 


(5) Solve the equation we used in 
the previous step for Vo min! 


Letting R = 7 m, evaluate Vo min: 
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Picture the Problem In the absence of air 
resistance, the bullet experiences constant 
acceleration along its parabolic trajectory. 
Choose a coordinate system with the origin 
at the end of the barrel and the coordinate 
axes oriented as shown in the figure and 
use constant-acceleration equations to 
express the x and y coordinates of the 
bullet as functions of time along its flight 
path. 


Use a constant-acceleration equation 
to express the bullet’s horizontal 
position as a function of time: 


Use a constant-acceleration 
equation to express the bullet’s 
vertical position as a function of 
time: 


Eliminate the parameter ¢ to obtain: 


= (tan @)x -—2 —_? 
y= (tand)x ve cos’O 
0=(tan@)R -—* —— R? 
(tan) 2v, cos’ O 
2. 2 
R _ % sin(zg,)= Citas) Si 
2 9.81 m/s 
=4.30m 


He should apply the brakes! 


Vie = ae ae 
aa sin(20, ) 


— (7m \9.8 Im/s? 
0,min sin20° 


=| 14.2m/s =51.0km/h 


y,m 


X=X+V,t+4al 

or, because xp = 0, vo, = vocos@, and 
a, = 0, 

x=(v, cos6)t 


= lag 
V=\M t+ Voyl + zat 
or, because yo = 0, vo, = vosin@, and 


ay ——8, 
y=(v,sin6)t- 4 gt? 


§ 2 


ye en} we cos’O 


in 20° 


Let y = 0 when x = R to obtain: 


Solve for the angle above 
the horizontal that the rifle must be 
fired to hit the target: 


Substitute numerical values and 
evaluate ): 


Referring to the diagram, relate ;, to 
@ and solve for and evaluate h: 


General Problems 
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0 =(tan@)R- 2 


2v, cos’ @ 


0, =3 sin | 


= 0.450° 
Note: A second value for , 89.6° is 
physically unreasonable. 


tan 0, = 


and 


100m 


100m)9.81 m/s” } 
(250 m/s) 


h = (100m)tan(0.450°) = 


Picture the Problem The sum and difference of two vectors can be found from the 
components of the two vectors. The magnitude and direction of a vector can be found 


from its components. 


(a) The table to the right 
summarizes the components of A 
and B . 


(b) The table to the right shows the 
components of S. 


Determine the magnitude and 


direction of S from its components: 


Vector | x component | y component 
(m) (m) 
A 0.707 0.707 
B 0.866 —0.500 
Vector | x component | y component 
(m) (m) 
A 0.707 0.707 
B 0.866 —0.500 
S 1.57 0.207 


S = /S? +8? =[1.59m | 


and, because S is in the 1" 


S 
a= wn = 
S, 


7.50° 
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(c) The table to the right shows the 


components of D: Vector | x component | y component 
(m) (m) 
A 0.707 0.707 
B 0.866 —0.500 
D —0.159 1.2] 


Determine the magnitude and y= | D: ni ie 2 


direction of D from its components: = 
and, because D is in the 2™ quadrant, 


D 
Ons wor [ =| 975° 


x 
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Picture the Problem A vector quantity can be resolved into its components relative to 
any coordinate system. In this example, the axes are orthogonal and the components of 
the vector can be found using trigonometric functions. 


The x and y components of g are g, = gsin30° = | 4.91 m/s’ 


related to g through the sine and 


. : and 
cosine functions: 


2, = gcos30° = | 8.50 m/s? 
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Picture the Problem The figure shows 
two arbitrary, co-planar vectors that (as y 
drawn) do not satisfy the condition that A/B 
= A,/B,. 


Because A, = Acos@, and 


cos, 


B. = Bcos@,, =1 for the 


cos 0, 


condition to be satisfied. 


“. A/B = A x/By if and only if AandB are parallel (04 = 6g) or on opposite sides of the 
x-axis (04 =—OB). 


113 

Picture the Problem We can plot the path of the particle by substituting values for ¢ and 
evaluating 7, and r, coordinates ofr. The velocity vector is the time derivative of the 
position vector. 


(a) We can assign values to ¢ in the parametric equations x = (5 m/s)¢ and y = (10 m/s) to 
obtain ordered pairs (x, y) that lie on the path of the particle. The path is shown in the 
following graph: 
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25 
20 | 
3 
= 
ae 
5 
0 
x (m) 
(b) Evaluate dr'/dt : - dt : 4 a . ( ane i 
dt dt 
='|(5 m/s)i +(1 Om/s)j 
Use its components to find the _. £ Fae 
magnitude of V: veyvitve = 11.2m/s 
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Picture the Problem In the absence of air y,m 


resistance, the hammer experiences 
constant acceleration as it falls. Choose a 
coordinate system with the origin and 
coordinate axes as shown in the figure and 
use constant-acceleration equations to 
describe the x and y coordinates of the 
hammer along its trajectory. We’ll use the 
equation describing the vertical motion to 
find the time of flight of the hammer and 
the equation describing the horizontal 
motion to determine its range. 


‘ _ ° 2 
Using a constant acceleration 4=5, $y + 4 as 
equation, express the x coordinate of 


; . r X) = 0, Vox = an 
the hammer as a function of time: or, because x = 0, vox = vocos@, and 


Using a constant-acceleration Y=Vot Vat + i a,t° 
equation, express the y coordinate of 


the hammer as a function of time: or, because yo = h, voy = vosin@, and 


ay =-8, 
y=h+(ysind)t—-4 gt? 
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Substitute numerical values to y=10m+(4m/s\sin30°)t 

obtain: _ 1(9.81m/s?)? 

Substitute the conditions that exist 0=10m- (4 m/ s)sin 30°t 
hen the h hits th d: 

when the hammer hits the groun ~1(0.81m/s?) 2 

Solve for the time of fall to obtain: t=1.24s 

Use the x-coordinate equation to R= (4 m/s)(cos30°)(1 24 s) 

find the horizontal distance traveled 

by the hammer in 1.24 s: =| 4.29m 
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Picture the Problem We’! model Zacchini’s flight as though there is no air resistance 
and, hence, the acceleration is constant. Then we can use constant- acceleration 
equations to express the x and y coordinates of Zacchini’s motion as functions of time. 
Eliminating the parameter ¢ between these equations will leave us with an equation we 
can solve for@ Because the maximum height along a parabolic trajectory occurs 
(assuming equal launch and landing elevations) occurs at half range, we can use this 
same expression for y as a function of x to find A. 


: ; 4 
Use a constant-acceleration equation X=Xy)+V,t+ + a,t 
to express Zacchini’s horizontal 


position as a function of time: or, because xo = 0, vox = vocosé, and 


Use a constant-acceleration Y=Vytvy,tt4 a,t° 
equation to express Zacchini’s ° 
vertical position as a function of 
time: ay ~ ~8> 

y= (v, sin O)t —it gt 


or, because yo = 0, Vo, = vosin@, and 


2 


Eliminate the parameter ¢ to obtain: 
P y=(tan6)x-—2 
2v) cos’ 


Use Zacchini’s coordinates when he 


= § 2 
lands in a safety net to obtain: = (tan O)R 2v2 cos” 6 R 
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Solve for his launch angle @: R 
0= isin £2) 

Vo 
Substitute ae values and pete (5 3m\9.81 m/s?) ee 
evaluate @: +sin | —_———_.,—+ ; 

(24.2 m/s) 

Use the fact that his maximum R g R 2 
height was attained when he was h= (tan 6)— — (3) 
halfway through his flight to obtain: 2 2v, cos’ A\ 2 


Substitute numerical values and evaluate h: 


53m 9.81m/s? 53m) 
h = (tan31.3° =| 8.06 
(tan ) 2 EEK 2 “ 
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Picture the Problem Because the acceleration is constant; we can use the constant- 
acceleration equations in vector form and the definitions of average velocity and average 
(instantaneous) acceleration to solve this problem. 


(a) The average velocity is given by: 2 Ar f,-fF, 


= (3 m/s)i + (-2.5 m/s) j 
The average velocity can also be 7 Vv, +V, 
expressed as: Vay = a 


and 
Vv, =2V,, —V> 


Substitute numerical values to 


v, =| (I1m/s)i +(1m/s)j 


obtain: 
(b) The acceleration of the particle . Av v,-V, 
is given by: a= AE = aa 


(2 m/s’) i +(—3.5 m/s’) j 


(c) The velocity of the particle as a function of time is: 


v(t) =v, +4t =| [(1 m/s) + (2 m/s*)t]i +[(1 m/s) + (-3.5 m/s”) ]j 


(d) Express the position vector as a r(t)=F+v,t+4 at: 
function of time: 
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Substitute numerical values and evaluate r (t) : 


F(t) =| [(4m)+(1m/s)t + (1 m/s”)¢? ]é +[(3 m) + (1 m/s)t + (-1.75 m/s? Fj 
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Picture the Problem In the absence of air resistance, the steel ball will experience 
constant acceleration. Choose a coordinate system with its origin at the initial position of 
the ball, the x direction to the right, and the y direction downward. In this coordinate 
system yo = 0 and a = g. Letting (x, y) be a point on the path of the ball, we can use 
constant-acceleration equations to express both x and y as functions of time and, using the 
geometry of the staircase, find an expression for the time of flight of the ball. Knowing its 
time of flight, we can find its range and identify the step it strikes first. 


The angle of the steps, with respect 
to the horizontal, is: 


Using a constant-acceleration 
equation, express the x coordinate of 
the steel ball in its flight: 


Using a constant-acceleration 
equation, express the y coordinate of 
the steel ball in its flight: 


The equation of the dashed line in 
the figure is: 


Solve for the flight time: 


Find the x coordinate of the landing 
position: 


Substitute the angle determined in 
the first step: 


6 =tan=!| 2:18™ } _ 31 9° 
0.3m 


= 1 2 
X=X)tVlt+>za,l 
or, because x9 = 0 and a, = 0, 
Xx =Vol 


V=Vo+Voyt+ tat’ 

or, because yo = 0, vo, = 0, and a, = g, 
2 

y= 7et 


L tang = SE 
x 2Vo 
t=— tand 
§ 
2 
= DY ee) 
tnd g 
2 
po ON) sein 
9.81m/s 


The first step with x > 1.10 m is the 4th step. 
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Picture the Problem Ignoring the 
influence of air resistance, the acceleration 
of the ball is constant once it has left your 
hand and we can use constant-acceleration 
equations to express the x and y 
coordinates of the ball. Elimination of the 
parameter ¢ will yield an equation from 
which we can determine vy. We can then 
use the y equation to express the time of 
flight of the ball and the x equation to 


express its range in terms of xo, vo, and the O R 
time of flight. 
Use a constant-acceleration equation X =X) +Vyt t4a Py 

x x 


to express the ball’s horizontal 


position as a function of time: or, because xo = 0, Vor = vooos@, and 


a, = 0, 
x =(v, cos6)t (1) 
. i a Le g2 
Use a constant-acceleration V=VotVoyt +Fa,t 


equation to express the ball’s 


vertical position as a function of or, because yo = Xo, Voy = vosing, and 


time: ay ~~ 8> 
VHX +(% sinO\t—4 gt? (2) 
Eliminate the parameter ¢ to obtain: 
4 VY =Xp +(tan @)x -—8 3? 
2v, cos’ 0 
For the throw while standing on 0- (tan 0x, _ & 2 


level ground we have: 2 cos’ @ a 
and 

2 2 2 
i= "0 sin 20 =~ sin 2(45°) =~o 
& & & 


Solve for vo: vy) = | 2X 


At impact equation (2) becomes: 0=x, +( gx, sin O)toian = Bteivis 


Solve for the time of flight: 


tight = [0 (sino + sin" 0+2] 
g 
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Substitute in equation (1) to express 
the range of the ball when thrown 
from an elevation x9 at an angle 0 
with the horizontal: 


Substitute 9= 0°, 30°, and 45°: 
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R= ( 2X, COS O)toien 


=| 2X, cos6) *(in+sin?0+2| 
§ 
=i cos sin 0 + {sin 0+2) 


x(0°)=| 1.41x, 
1(30°)= [175 


and 


x(45°) =| 1.62x, 


Picture the Problem Choose a coordinate system with its origin at the point where the 
motorcycle becomes airborne and with the positive x direction to the right and the 
positive y direction upward. With this choice of coordinate system we can relate the x and 
y coordinates of the motorcycle (which we’re treating as a particle) using Equation 3-21. 


(a) The path of the motorcycle is 
given by: 


For the jump to be successful, 
h<y(x). Solving for vo, we find: 


(b) Use the values given to obtain: 


(c) In order for our expression for 
Vmin to be real valued; i.e., to predict 
values for Vmin that are physically 
meaningful, x tanO—h> 0. 


y(x) = (tand)x oe 


2 2 
V9 COS 


x | g 
Vinin > 
cos @ \ 2(x tan 0 —h) 


Vmin > | 26.0 m/s or 58.0 mph 


“. Amax < x tan@ 


The interpretation is that the bike "falls 
away" from traveling on a straight-line 
path due to the free-fall acceleration 
downwards. No matter what the initial 
speed of the bike, it must fall a little bit 
before reaching the other side of the pit. 
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Picture the Problem Let the origin be at 
the position of the boat when it was 
engulfed by the fog. Take the x and y 
directions to be east and north, 
respectively. LetV,y, be the velocity of 
the boat relative to the water, Vv, be the 
velocity of the boat relative to the shore, 
and V\,, be the velocity of the water with 
respect to the shore. Then 


Vas — Vawt Vws- 


@ is the angle of V,,, with respect to the x 


(east) direction. 


(a) Find the position vector for the 
boat att =3h: 


Find the coordinates of the boat at 
t=3h: 


Simplify the expressions involving 
r, and 7, and equate these simplified 
expressions to the x and y 
components of the position vector of 
the boat: 


Divide the second of these equations 
by the first to obtain: 


Because the boat has drifted south, 
use 0= 241.4° to obtain: 
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\ 


Harbor 
| 


7... ={(32km\cos135°)r}i 
+ {32km)(sin135°)t —4 km}j 
= {(-22.6km)}i 
+ {(22.6km)t—4km}j 


r, = (10 km/h)cos135° + vy, cos 4|(3h) 
and 


r, = [(10km/h)sin 135° + vy, sin O](3h) 


3vws cos@ = —1.41 km/h 
and 
3vws sin@ = —2.586 km/h 


~2.586km 
aps 

—1.41km 
or 
6 = tan-| —2-586km | — 61 40 or 241.49 

—1.41km 
1.41 km/h 
a 


ows Cos cos(241.4°) 


=| 0.982 km/h at 8 = 241.4° 
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(b) Letting ¢be the angle between 
east and the proper heading for the 
boat, express the components of the 
velocity of the boat with respect to 
the shore: 


For the boat to travel northwest: 


Substitute the velocity components, 
square both sides of the equation, 
and simplify the expression to obtain 
the equations: 


Solve for ¢: 
Because the current pushes south, 
the boat must head more northerly 


than 135°: 


(c) Find vgs: 


To find the time to travel 32 km, 
divide the distance by the boat’s 
actual speed: 
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Vps.x = (10 km/h) cos@ 
+ (0.982 km/h) cos(241.3°) 


Vpsy = (10 km/h) sing 
+ (0.982 km/h) sin(241.3°) 


VBS,x = —VBS,y 


sing+ cos@= 0.133, 

sin’¢ + cos’¢+ 2 sing cos¢= 0.0177, 
and 

1 + sin(2¢) = 0.0177 


$= 129.6° or 140.4° 


Using 129.6°, the correct heading 
is) 39.6° west of north |. 


Vps.x = —6.84 km/h 
and 
Vag = VBx /Cos135° = 9.68 km/h 


t= (32 km)/(9.68 km/h) 
=| 3.3lh=3h 18min 


Picture the Problem In the absence of air resistance, the acceleration of the projectile is 
constant and the equation of a projectile for equal initial and final elevations, which was 
derived from the constant-acceleration equations, is applicable. We can use the equation 
giving the range of a projectile for equal initial and final elevations to evaluate the ranges 
of launches that exceed or fall short of 45° by the same amount. 


Express the range of the projectile 
as a function of its initial speed and 
angle of launch: 


Let H= 45° + G& 


Because cos(—@) = cos(+8) (the 
cosine function is an even function): 


2 
R= sin 20, 
&§ 
y 
R= — sin(90° 2 20) 
& 
2 
= “0 cos(+ 20) 
& 


R(45° + 8) = R(45° - 6) 
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Picture the Problem In the absence of air 
resistance, the acceleration of both balls is 
that due to gravity and the horizontal and 
vertical motions are independent of each 
other. Choose a coordinate system with 
the origin at the base of the cliff and the 
coordinate axes oriented as shown and use 
constant-acceleration equations to relate 
the x and y components of the ball’s speed. 


Independently of whether a ball is 
thrown upward at the angle @ or 
downward at f, the vertical motion 
is described by: 


The horizontal component of the Vy = Vox 
motion is given by: 


Find v at impact from its 2 5,2 J 2 2 2eh 
components: x ’ 
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Chapter 4 
Newton’s Laws 


Conceptual Problems 


on | ee 
Determine the Concept A reference frame in which the law of inertia holds is called an 
inertial reference frame. 


If an object with no net force acting on it is at rest or is moving with a constant speed in a 
straight line (i-e., with constant velocity) relative to the reference frame, then the 
reference frame is an inertial reference frame. Consider sitting at rest in an accelerating 
train or plane. The train or plane is not an inertial reference frame even though you are at 
rest relative to it. In an inertial frame, a dropped ball lands at your feet. You are in a 
noninertial frame when the driver of the car in which you are riding steps on the gas and 
you are pushed back into your seat. 


2 ee 

Determine the Concept A reference frame in which the law of inertia holds is called an 
inertial reference frame. A reference frame with acceleration a relative to the initial 
frame, and with any velocity relative to the initial frame, is inertial. 


3 e 
Determine the Concept No. If the net force acting on an object is zero, its acceleration is 
zero. The only conclusion one can draw is that the net force acting on the object is zero. 


*4 e 
Determine the Concept An object accelerates when a net force acts on it. The fact that 
an object is accelerating tells us nothing about its velocity other than that it is always 
changing. 


Yes, the object must have an acceleration relative to the inertial frame of reference. 
According to Newton’s 1“ and 2" laws, an object must accelerate, relative to any inertial 
reference frame, in the direction of the net force. If there is "only a single nonzero force,” 
then this force is the net force. 


Yes, the object’s velocity may be momentarily zero. During the period in which the force 
is acting, the object may be momentarily at rest, but its velocity cannot remain zero 
because it must continue to accelerate. Thus, its velocity is always changing. 


5 ° 
Determine the Concept No. Predicting the direction of the subsequent motion correctly 
requires knowledge of the initial velocity as well as the acceleration. While the 
acceleration can be obtained from the net force through Newton’s 2" law, the velocity 
can only be obtained by integrating the acceleration. 


6 e 
Determine the Concept An object in an inertial reference frame accelerates if there is a 
net force acting on it. Because the object is moving at constant velocity, the net force 


acting on it is zero. | (c) is correct. 
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7 e 
Determine the Concept The mass of an object is an intrinsic property of the object 
whereas the weight of an object depends directly on the local gravitational field. 


Therefore, the mass of the object would not change and w,,.,, = MGj,,q,- Note that if the 


grav 


gravitational field is zero then the gravitational force is also zero. 


*g ° 
Determine the Concept If there is a force on her in addition to the gravitational force, 
she will experience an additional acceleration relative to her space vehicle that is 
proportional to the net force required producing that acceleration and inversely 
proportional to her mass. 


She could do an experiment in which she uses her legs to push off from the wall of her 
space vehicle and measures her acceleration and the force exerted by the wall. She could 
calculate her mass from the ratio of the force exerted by the wall to the acceleration it 
produced. 


*Q e 
Determine the Concept One’s apparent weight is the reading of a scale in one’s 
reference frame. 


Imagine yourself standing on a scale that, y 
in turn, is on a platform accelerating | 


upward with an acceleration a. The free- Wa 6 
body diagram shows the force the 
gravitational field exerts on you, mg, and 
the force the scale exerts on you, W,,,,. The 
scale reading (the force the scale exerts on 
you) is your apparent weight. 
> 
mgs 
Choose the coordinate system shown in = _ = 
y DF, = Wap — Mg =ma, 


the free-body diagram and apply 


im 7 or 
YF = ma tothe scale: 


Wapp = mg +a, 


So, your apparent weight would be greater than your true weight when observed from a 
reference frame that is accelerating upward. That is, when the surface on which you are 


standing has an acceleration a such that a, is positive: | a, > 0 


10 
Determine the Concept Newton's 2™ law tells us that forces produce changes in the 
velocity of a body. If two observers pass each other, each traveling at a constant velocity, 
each will experience no net force acting on them, and so each will feel as if he or she is 
standing still. 


11 
Determine the Concept Neither block is accelerating so the net force on each block is 
zero. Newton’s 3" law states that objects exert equal and opposite forces on each other. 


(a) and (b) Draw the free-body 
diagram for the forces acting on the 
block of mass m,: 


Apply > F = mG to the block 1: 


Therefore, the magnitude of the 
force that block 2 exerts on block 1 
is given by: 


From Newton’s 3“ law of motion 
we know that the force that block 1 
exerts on block 2 is equal to, but 
opposite in direction, the force that 
block 2 exerts on block 1. 


(c) and (d) Draw the free-body 
diagram for the forces acting on 
block 2: 


Apply Sy F = mG to block 2: 


From Newton’s 3" law of motion we 
know that the force that block 2 exerts 
on the table is equal to, but opposite in 
direction, the force that the table 
exerts on block 2. 
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y 
| 


Fy2i 
| mg 


SF, = Fy, -mg = ma, 
or, because a, = 0, 


Foi — mg =0 


n. 


= 
Fni2 | x 
mg 
Dd Fay = Fy — Fy —M)g = m,a, 
or, because a» = 0, 
Fup = Fy + mg =mg +m,g 


a= (m, + m,)g 


203 


and the normal force that the table exerts 


on body 2 is 


For = (m, +m, )g 


nT2 


Fin SSF hos =| (m,+m,)g | 
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“12 « 
(a) True. By definition, action-reaction force pairs cannot act on the same object. 


(b) False. Action equals reaction independent of any motion of the two objects. 


13. 

Determine the Concept Newton’s 3“ law of motion describes the interaction between 
the man and his less massive son. According to the 3" law description of the interaction 
of two objects, these are action-reaction forces and therefore must be equal in magnitude. 


| (b) is correct. 


14 

Determine the Concept According to Newton’s 3™ law the reaction force to a force 
exerted by object A on object B is the force exerted by object B on object A. The bird’s 
weight is a gravitational field force exerted by the earth on the bird. Its reaction force is 


the gravitational force the bird exerts on the earth. | (b) is correct. 


15 

Determine the Concept We know from Newton’s 3™ law of motion that the reaction to 
the force that the bat exerts on the ball is the force the ball exerts on the bat and is equal 
in magnitude but oppositely directed. The action-reaction pair consists of the force with 
which the bat hits the ball and the force the ball exerts on the bat. These forces are equal 


in magnitude, act in opposite directions. | (c) is correct. 


16 

Determine the Concept The statement of Newton’s 3™ law given in the problem is not 
complete. It is important to remember that the action and reaction forces act on different 
bodies. The reaction force does not cancel out because it does not act on the same body as 
the external force. 


“17 

Determine the Concept The force diagrams will need to include the ceiling, string, 
object, and earth if we are to show all of the reaction forces as well as the forces acting on 
the object. 


(a) The forces acting on the 2.5-kg 


TILILS 


— 


object are its weight W, and the 


tension T,, in the string. The reaction 


ing | Sinn | | 


forces are W ‘acting on the earth and 


1: acting on the string. 


> 
= 
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(b) The forces acting on the string are 
its weight, the weight of the object, 7 


and F , the force exerted by the F 
ceiling. The reaction forces are 


T, acting on the string and F' acting 
on the ceiling. 


18 

Determine the Concept Identify the objects in the block’s environment that are exerting 
forces on the block and then decide in what directions those forces must be acting if the 
block is sliding down the inclined plane. 


Because the incline is frictionless, the force the incline exerts on the block must be 
normal to the surface. The second object capable of exerting a force on the block is the 
earth and its force; the weight of the block acts directly downward. The magnitude of the 
normal force is less than that of the weight because it supports only a portion of the 


weight. | The forces shown in FBD (c) satisfy these conditions. 


19 ° 

Determine the Concept In considering these statements, one needs to decide whether 
they are consistent with Newton’s laws of motion. A good strategy is to try to think of a 
counterexample that would render the statement false. 


(a) True. If there are no forces acting on an object, the net force acting on it must be zero 
and, hence, the acceleration must be zero. 


(b) False. Consider an object moving with constant velocity on a frictionless horizontal 
surface. While the net force acting on it is zero (it is not accelerating), gravitational and 
normal forces are acting on it. 


(c) False. Consider an object that has been thrown vertically upward. While it is still 
rising, the direction of the gravitational force acting on it is downward. 


(d) False. The mass of an object is an intrinsic property that is independent of its location 
(the gravitational field in which it happens to be situated). 


20, 

Determine the Concept In considering these alternatives, one needs to decide which 
alternatives are consistent with Newton’s 3" law of motion. According to Newton’s 3" 
law, the magnitude of the gravitational force exerted by her body on the earth is equal 


and opposite to the force exerted by the earth on her. | (a) is correct. 
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*21 ° 
Determine the Concept In considering these statements, one needs to decide whether 
they are consistent with Newton’s laws of motion. In the absence of a net force, an object 


moves with constant velocity. | (d) is correct. 


22 # 

Determine the Concept Draw the free- 
body diagram for the towel. Because the 
towel is hung at the center of the line, the 


magnitudes of T, and T, are the same. 


W = meg 


No. To support the towel, the tension in the line must have a vertical component equal to 
the towel’s weight. Thus 6 > 0. 


23. 

Determine the Concept The free-body y 
diagram shows the forces acting on a | 
person in a descending elevator. The Wapp 
upward force exerted by the scale on the 


person, Wapp? is the person’s apparent 
weight. 

w=me 
Apply YF y =a, to the person Wapp — Mg = may 


or 


and solve for Wapp: _ = 
sl Wapp = mg + mdy . m(g + dy) 


Because w,,,, is independent of v, 
the velocity of the elevator has 
no effect on the person's apparent 


weight. 


Remarks: Note that a nonconstant velocity will alter the apparent weight. 


Estimation and Approximation 


24 
Picture the Problem Assuming a stopping distance of 25 m and a mass of 80 kg, use 
Newton’s 2™ law to determine the force exerted by the seat belt. 


The force the seat belt exerts on the Fret = ma, where m is the mass of the 
driver is given by: driver. 


Using a constant-acceleration 
equation, relate the velocity of the 
car to its stopping distance and 
acceleration: 


Solve for a: 


Substitute numerical values and 
evaluate a: 


Substitute for a and evaluate Fye:: 


*25 eee 
Picture the Problem The free-body 
diagram shows the forces acting on you 
and your bicycle as you are either 
ascending or descending the grade. The 
magnitude of the normal force acting on 
you and your bicycle is equal to the 
component of your weight in the y 
direction and the magnitude of the 


tangential force is the x component of your 


weight. Assume a combined mass (you 
plus your bicycle) of 80 kg. 


(a) Apply YF y = Ma, to you and 
your bicycle and solve for F;: 


Determine @ from the information 
concerning the grade: 


Substitute to determine F,: 


Apply VF. = ma, to you and your 


bicycle and solve for F,, the 
tangential force exerted by the road 
on the wheels: 
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v’ =vo + 2aAx 
or, because v = 0, 


—vi = 2aAx 

=¥% 

2Ax 
3 2 
90 km . th 2 10°m 
h 3600s km 
a= 
2(25m) 
=-12.5m/s? 


F,, = (80kg)(-12.5m/s”) 
=| -1.00kN 


Fret is negative because it is opposite the 
direction of motion. 


- 
mg 


F, — mg cos0@= 0, because there is no 
acceleration in the y direction. 


“. F, = mg cos@ 
tan0= 0.08 
and 


@= tan '(0.08) = 4.57° 


F,, = (80 kg)(9.81 m/s*) cos4.57° 


- [72] 


F,— mg sin@= 0, because there is no 
acceleration in the x direction. 
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Evaluate F;: F, = (80 kg)(9.81 m/s’) sin4.57° 
=| 62.6N 


Because there is no acceleration, the forces are the same going up 


and going down the incline. 


Newton’s First and Second Laws: Mass, Inertia, and Force 


26° 

Picture the Problem The acceleration of y 
the particle can be found from the stopping | 
distance by using a constant-acceleration 

equation. The mass of the particle and its | 
acceleration are related to the net force | 
through Newton’s second law of motion. 


Choose a coordinate system in which the 2. a eee 


direction the particle is moving is the > | 
positive x direction and apply F.,, = md. F, net 


Use Newton’s 2" law to relate the 


mass of the particle to the net force oe a 
acting on it and its acceleration: a 
Because the force is constant, use a V2 =Vve + 2a,Ax 
. . . x x x 
constant-acceleration equation with andl 
v, = 0 to determine a: F 
= _ Vox 
* 2Ax 
Substitute to obtain: 2AXF 04 
m = i nel 
Vox 
Substitute numerical values and 2(62.5 m)(15.0 N) 
evaluate m: Us (25 0 m/s). = 3.00kg 


and | (b) is correct. 


27 
Picture the Problem The acceleration of the object is related to its mass and the net 
force acting on it by F.,, = Fy = ma. 

(a) Use Newton’s 2 law of motion F 
to calculate the acceleration of the a= = 
object: 


m 
= 2(3m/s?)=| 6.00 m/s” 


(b) Let the subscripts 1 and 2 
distinguish the two objects. The 
ratio of the two masses is found 
from Newton’s 2™ law: 


(c) The acceleration of the two-mass 


system is the net force divided by 
the total mass m = m,+ mo: 


28 
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m, _Fy/a,_ a, _ 3m/s° _| 1 


m, F,/a, a, 9m/s? 


=: 


net_ — Fy 
m m+m, 
F, /m, = a, 


~14m,/m,_ 141/3 


= 3g, =| 2.25m/s” 


Picture the Problem The acceleration of an object is related to its mass and the net force 
acting on it by F’,,, = ma. Let m be the mass of the ship, a, be the acceleration of the ship 


when the net force acting on it is F;, and a be its acceleration when the net force is F, + 


F». 


Using Newton’s 2" law, express the 
net force acting on the ship when its 
acceleration is aj: 


Express the net force acting on the 
ship when its acceleration is a: 


Divide the second of these equations 
by the first and solve for the ratio 
F,/F: 


Substitute for the accelerations to 
determine the ratio of the 
accelerating forces and solve for F:: 


#29 oe 


F,= mda, 


at ma, 
and 
F,_% | 
F a, 
F, _ (16km/h)/(10s) © 
F,  (4km/h)/(10s) 
or 
F, =| 3E, 


Picture the Problem Because the deceleration of the bullet is constant, we can use a 
constant-acceleration equation to determine its acceleration and Newton’s 2" law of 
motion to find the average resistive force that brings it to a stop. 


Apply >F = ma to express the 


force exerted on the bullet by the 
wood: 


Using a constant-acceleration 


Food =ma 


v? =vi + 2aAx 


210 Chapter 4 


equation, express the final velocity and 
of the bullet in terms of its vay Se 
acceleration and solve for the a= ois 5 he 
acceleration: 
Substitute to obtain: mv, 

wood — JAX 
Substitute numerical values and (. 8x102 kg) (500 m/s)" 
evaluate Fyooat Ps za 

2(0.06m) 


- [37500] 


where the negative sign means that the 
direction of the force is opposite the 
velocity. 


#30 oe 


Picture the Problem The pictorial representation summarizes what we know about the 
motion. We can find the acceleration of the cart by using a constant-acceleration 


equation. 


xX 


The free-body diagram shows the y 
forces acting on the cart as it | 
accelerates along the air track. We 

can determine the net force acting = 
on the cart using Newton’s 2™ law F 
and our knowledge of its 

acceleration. 


oy 


(a) Apply >” F, = ma, to the cart F =ma 


to obtain an expression for the net 
force F: 


Using a constant-acceleration i 2 
8 Ax = v,At +4a(At) 
equation, relate the displacement of 
the cart to its acceleration, initial 
speed, and travel time: 


or, because Vo = 0, 


Solve for a: 


Substitute for a in the force equation 
to obtain: 


Substitute numerical values and 
evaluate F: 


(b) Using a constant-acceleration 
equation, relate the displacement of 
the cart to its acceleration, initial 
speed, and travel time: 


Solve for At: 


If we assume that air resistance is 
negligible, the net force on the cart 
is still 0.0514 N and its acceleration 
is: 


Substitute numerical values and 
evaluate At: 


31 
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Ax = ta(At)’ 
a 28N 
(At) 
2Ax _ 2mAx 


(ate (acy 


— 2(0.355kg)(1.5m) 


: =| 0.0514N 
(4.55s) 
Ax =v,At+4a'(Aty 
or, because Vo = 0, 
Ax = 4.a'(Aty 
ee 
a 
.0514N 
a'= CE 0.0713 m/s” 
0.722kg 


2(1.5m) 
At = _|————— =| 6.49s 
0.0713 m/s? 


Picture the Problem The acceleration of an object is related to its mass and the net force 


acting on it according to F net = md. Let m be the mass of the object and choose a 


coordinate system in which the direction of 2F in (b) is the positive x and the direction 
of the left-most Fy in (a) is the positive y direction. Because both force and acceleration 
are vector quantities, find the resultant force in each case and then find the resultant 


acceleration. 


(a) Calculate the acceleration of the 
object from Newton’s 2™ law of 
motion: 


Express the net force acting on the 
object: 


Find the magnitude and direction of 
this net force: 


and 
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Use this result to calculate the FE Mies FE 
magnitude and direction of the q= —t =——%= J/2a, 
acceleration: m m 
=J/2 (3 m/s* ) 
_| 4.24m/s* @ 45.0° from each 
force. 


(b) Calculate the acceleration of the ad = F./m 
object from Newton’s 2" law of 
motion: 

Express the net force acting on the FE .=RiLE j 
object: = oe 


=(—F,sin45°)i 
+ (2F, + F,cos45°)j 


Find the magnitude and direction of this net force: 


F., =F, +F, =\(-F,sin45°) +(2F, + F, cos 45°) = 2.80F, 


and 
a 2F, + F, 45° 
@ = tan || — |= tan ‘| —°° SSPE Me 75A° 
E — F, sin 45° 
=14.6° from 2F, 
Use this result to calculate the Fe F, 
magnitude and direction of the a= oo Bae = 2.804, 
acceleration: : 
= 2.80(3 m/s”) 
=| 8.40 m/s* @14.6° from 2F, 
32 


Picture the Problem The acceleration of an object is related to its mass and the net force 


acting on it according to a = F,,, i: m. 


/m to the object to F (6 N)i-(3N)j 


aa net _ 
a= = 


obtain: m 1.5kg 


Apply @=F 


net 


~ 
e 


(4.00m/s?) ? -(2.00m/s?)j 


Find the magnitude of a: 


3300 
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= (4.00 mvs’) +(2.00ms?) 


- [4a 


Picture the Problem The mass of the particle is related to its acceleration and the net 
force acting on it by Newton’s 2" law of motion. Because the force is constant, we can 
use constant-acceleration formulas to calculate the acceleration. Choose a coordinate 
system in which the positive x direction is the direction of motion of the particle. 


The mass is related to the net force 
and the acceleration by Newton’s 
2™ Jaw: 


Because the force is constant, the 
acceleration is constant. Use a 
constant-acceleration equation to 
find the acceleration: 


Substitute this result into the first 
equation and solve for and evaluate 
the mass m of the particle: 


*34 ¢ 

Picture the Problem The speed of either 
Al or Bert can be obtained from their 
accelerations; in turn, they can be obtained 
from Newtons 2" law applied to each 
person. The free-body diagrams to the right 
show the forces acting on Al and Bert. The 
forces that Al and Bert exert on each other 
are action-and-reaction forces. 


(a) Apply >} Fy = ma, to Bert and 
solve for his acceleration: 


Using a constant-acceleration 
equation, relate Bert’s speed to his 
initial speed, speed after 1.5 s, and 
acceleration and solve for his speed 
at the end of 1.5 s: 


a a 


x 


Ax =v,,t+4a,(At)’, wherev,, =0, 


SO 
— 2Ax 

"(ary 
ma be - Flt) _ 12 N)(6s)’ 

a, 2Ax 2(18m) 
=| 12.0 kg 
y y 
L | 
. Fi, Bert F, a 
Fay on Bert 
--—--X —_—_->- -* 
| Fert on Al 
“i Wal 
WBert 
= PF sionBert = Meet Bert 
ra gop tiee —20N 
Apert = = 
Meert 100 kg 
= —0.200 m/s” 

vV=vo + aAt 

= 0 + (0.200 m/s’)(1.5 s) 

= | —0.300 m/s 
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(b) From Newton's 3™ law, an equal 
but oppositely directed force acts on 
Al while he pushes Bert. Because 
the ice is frictionless, Al speeds off 
in the opposite direction. Apply 
Newton’s 2™ law to the forces 
acting on Al and solve for his 
acceleration: 


Using a constant-acceleration 
equation, relate Al’s speed to his 
initial speed, speed after 1.5 s, and 
acceleration; solve for his speed at 
the end of 1.5 s: 


35 ¢ 

Picture the Problem The free-body 
diagrams show the forces acting on the two 
blocks. We can apply Newton’s second law 
to the forces acting on the blocks and 
eliminate F to obtain a relationship between 
the masses. Additional applications of 
Newton’s 2™ law to the sum and difference 
of the masses will lead us to values for the 
accelerations of these combinations of 
mass. 


(a) Apply > F, = mad, to the two 
blocks: 


Eliminate F between the two 
equations and solve for mp: 


Express and evaluate the 
acceleration of an object whose 
mass is mz — m, when the net force 
acting on it is F: 


(b) Express and evaluate the 
acceleration of an object whose 
mass is my + m, when the net force 
acting on it is F: 


>; Fay = FP getonat = My@n 
and 


Fadl 20 N 
ay) = = 
Ma) 80 kg 
= 0.250 m/s” 
V=Vo + aAt 


= 0 + (0.250 m/s)(1.5 s) 


= | 0.375m/s 


[" 
O——>—_ -—- x Oo - 
|. 
mg 
YF. =F =ma, 
and 
YF. =F =m,q, 
a, 12 m/s” 
m = =4m 
" @ “Bie” * 
a Po. - 
m,—-m, 4m,-—m, 3m, 
=1q, =4(12m/s?)=| 4.00m/s’ 
F F 
a= = 
m+m 4m,+m, 
F 
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Picture the Problem Because the velocity 
is constant, the net force acting on the log 
must be zero. Choose a coordinate system 


in which the positive x direction is the 
direction of motion of the log. The free- 
body diagram shows the forces acting on 
the log when it is accelerating in the 
positive x direction. 


(a) Apply > F,, = ma, to the log 
when it is moving at constant speed: 


Solve for and evaluate Fes: 


(b) Apply > F,, = ma, to the log 


when it is accelerating to the right: 


Solve for and evaluate Fyun:: 


37 


Foun — Fres = May = 0 


Freg = Foun aa 250N 


Foun = Fres = max 


Fou = Pres + mda, 
= 250 N + (75 kg) (2 m/s’) 


- [4008 


Picture the Problem The acceleration can be found from Newton’s 2™ law. Because 
both forces are constant, the net force and the acceleration are constant; hence, we can 
use the constant-acceleration equations to answer questions concerning the motion of the 


object at various times. 


(a) Apply Newton’s 2" law to the 
object to obtain: 


(b) Using a constant-acceleration 
equation, express the velocity of the 
object as a function of time and 
solve for its velocity when t = 3 s: 


(c) Express the position of the object 
in terms of its average velocity and 
evaluate this expression at t = 3 s: 


m m 
7 Akg 


=| (.50m/s?)i +(-3.50m/s?)j 
¥=v,+at 
= 0+|(.50m/s?)? +(-3.somvs’)j[(3s) 


~ 
e 


=| (4.50m/s)i + (-10.5m/s)j 


1 


r =v,,t 


av 


Vv 


ia 


RR 


~ 
° 


(6.75m)i +(-15.8m)j 
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Mass and Weight 


*38 
Picture the Problem The mass of the astronaut is independent of gravitational fields and 
will be the same on the moon or, for that matter, out in deep space. 


Express the mass of the astronaut in Wearth 600 N 

terms of his weight on earth and the f= > 9.81 N/k = 61.2kg 
gravitational field at the surface of Fearn" 6 

the earth: and| (c) is correct. 


39s 
Picture the Problem The weight of an object is related to its mass and the gravitational 
field through w = mg. 


(a) The weight of the girl is: w=mg = (54 kg)(9.81 N/kg) 
=| 530N 
b)C rt t t ds: 
(b) Convert newtons to pounds — 530N _lq19b 
4.45 N/Ib 
40 


Picture the Problem The mass of an object is related to its weight and the gravitational 
field. 


Find the weight of the man in 1651b = (1651b)(4.45 N/lb) = 734N 
newtons: 

Calculate the mass of the man from Ww 734N 748k 

hi ight and th itational ~ eae | ee 

7 and the gravitationa g 9.81N/kg 


Contact Forces 


*41 
Picture the Problem Draw a free-body 
diagram showing the forces acting on the FE. 
block. F , 1s the force exerted by the spring, . : F 
W = is the weight of the block, and F,, 
is the normal force exerted by the 
horizontal surface. Because the block is 
resting on a surface, F, + F, = W. > 
W 
(a) Calculate the force exerted by F= kx - (600 N/m)(0 1m) os 60 0 N 


the spring on the block: 
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(b) Choosing the upward direction pS F=0s F,+F,-W=0 
to be positive, sum the forces acting " 
on the block and solve for F;,: 
and 
FL=W-F, 
Substitute numerical values and F, = (12 kg)(9.81 N/kg) -60N 


evaluate F,,: 


=|57.7N 


42° 

Picture the Problem Let the positive x direction be the direction in which the spring is 
stretched. We can use Newton’s 2" law and the expression for the force exerted by a 
stretched (or compressed) spring to express the acceleration of the box in terms of its 
mass m, the stiffness constant of the spring k, and the distance the spring is stretched x. 


Apply Newton’s 2” law to the box > F 
to obtain: a= 

m 
Express the force exerted on the box F =—kx 
by the spring: 
Substitute to obtain: — kx 

qa =— 

m 
Substitute numerical values and (800 N/m \0.04 m) 
evaluate a: a 6kg 


- [Sain] 


where the minus sign tells us that the box’s 
acceleration is toward its equilibrium 
position. 


Free-Body Diagrams: Static Equilibrium 


43° 
Picture the Problem Because the traffic light is not accelerating, the net force acting on 


it must be zero; i.e., T,+T,+mg =0. 


Construct a free-body diagram showing the 
forces acting on the knot and choose the 
coordinate system shown: 
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Apply », F, =ma, to the knot: T,cos30° — T,cos60° = ma, = 0 
Solve for T2 in terms of T: cos 30° 
: ' = T, =1.73T, 
cos 60° 


‘| T, is greater than T, 


44 
Picture the Problem Draw a free-body diagram showing the forces acting on the lamp 


and apply > F, =(0. 


From the FBD, it is clear that T, y 


supports the full weight 7, 
mg = 418 N. 
--+----x 

W 
Apply DF, = 0 to the lamp to T,-w=0 
obtain: 
Solve for T): T,=w=mg 
Substitute numerical values and i (42.6 kg)(9.81m/s? )= 418N 


evaluate T: 


and | (b) is correct. 


*45 oe 

Picture the Problem The free-body diagrams for parts (a), (b), and (c) are shown below. 
In both cases, the block is in equilibrium under the influence of the forces and we can use 
Newton’s 2" law of motion and geometry and trigonometry to obtain relationships 
between @ and the tensions. 


(a) and (b) (c) 


j}—1 m—> 


‘SG, Wy 


bd 
| 
| 
| 


= 
mg 


(a) Referring to the FBD for part (a), , 0.5m . 
use trigonometry to determine @: @ = Cos 0.625m = 


(b) Noting that T = T’, apply 
>| F, =a, to the 0.500-kg block 


and solve for the tension T: 


Substitute numerical values and 
evaluate T: 


(c) The length of each segment is: 


Find the distance d: 


i +-—d—| 


0.417 m 0.417 m 


0.417 m 


Express @ in terms of d and solve 
for its value: 


Apply >) F, =ma, to the 0.250-kg 


block and solve for the tension T3: 


Substitute numerical values and 
evaluate T3: 


Apply >) F, =ma, to the 0.250-kg 


block and solve for the tension T>: 


Substitute numerical values and 
evaluate T>: 


By symmetry: 


Newton’s Laws 


2T sinO —mg = 0 sincea=0 
and 


{pe 
2sin@ 
2 
7 _(0-5ks)(0.81m/s*) _ aay 
2sin36.9° 
LL var 
re 1m—0.417m 
2 
=0.2915m 
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er ~ cos 0:2915m 
0.417m 0.417m 


= 45.7° 


T, sin@ —mg =0 since a=0. 


and 
5 Ng 
~ sind 
0.25kg){9.81m/s7 
ogee el 


T, cos @ —T, =0 sincea=0. 
and 
T, =T,cos@ 


T, =(3.43N)cos45.7° = 
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46 
Picture the Problem The suspended body 
is in equilibrium under the influence of the 


forces T,, T,., and mg; 


ie. T,+T,, +mg =0 


Draw the free-body diagram of the forces 
acting on the knot just above the 100-N 
body. Choose a coordinate system with the 
positive x direction to the right and the 
positive y direction upward. Apply the 
conditions for translational equilibrium to 
determine the tension in the horizontal 
cord. 


If the system is to remain in static Ty = Tys sin45° = mg 
equilibrium, the vertical component 

of T,4; must be exactly balanced by, 

and therefore equal to, the tension in 

the string suspending the 100-N 


body: 

Express the horizontal component of Tn = Tas cos45° 
T4s: 

Because T45 sin45° = Ty, cos45°: T, = mg = | 100N 
47 


Picture the Problem The acceleration of any object is directly proportional to the net 
force acting on it. Choose a coordinate system in which the positive x direction is the 


same as that of F and the positive y direction is to the right. Add the two forces to 
determine the net force and then use Newton’s 2™ law to find the acceleration of the 
object. If F , brings the system into equilibrium, it must be true that F, + F, +F a= 0: 


(a) Find the components of F, and F, =(20N )i 
F,: F, = {(-30N)sin30°}i 
+ {(30N)cos30°}j 


= (-15N)i +(26N)j 


Add F, and F, to find F,, : F,, = (5N)i+(26N)j 
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Apply )) F = ma to find the F 


Q) 


acceleration of the object: m 


=| (0.500m/s’)i +(2.60m/s*)j 


(b) Because the object is in F,+F,+F,=0 

equilibrium under the influence of and 

the three forces, it must be true that: ie ee 
F,=-(F,+F,) 


~ 
° 


=| (-5.00N)i +(-26.0N)j 


*48 
Picture the Problem The acceleration of the object equals the net force, — mg , 


divided by the mass. Choose a coordinate system in which upward is the positive y 
direction. Apply Newton’s 2" law to the forces acting on this body to find the 
acceleration of the object as a function of T. 


(a) Apply ) F, = ma, to the T—w=T-—mg = ma, 
object: 

Solve this equation for a as a T 

function of T: i aa a g 


Substitute numerical values and SN F ; 
evaluate ay: a, [egg =| —8.81m/s 


(b) Proceed as in (a) with T= 10 N: a= |—78imis 
(c) Proceed as in (a) with T = 100 N: a =|10.2m/s2 
49 « 


Picture the Problem The picture is in equilibrium under the influence of the three forces 
shown in the figure. Due to the symmetry of the support system, the vectors T and 

T' have the same magnitude T. Choose a coordinate system in which the positive x 
direction is to the right and the positive y direction is upward. Apply the condition for 
translational equilibrium to obtain an expression for T as a function of @and w. 


(a) Referring to Figure 4-37, apply >; F =2?Tsin@—-w=0 
the condition for translational . 
equilibrium in the vertical direction 
and solve for T: T= W 


2sin0 


and 
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Tmin oCCurs when sin@ is a A= 
maximum: 


Tmax OCCurs When sin@ is a 

max Ww 0 a T OT, as 9 > 0° 
minimum. Because the function is 
undefined when sin@ = 0, we can 
conclude that: 


(b) Substitute numerical values in (2 kg)(9. 81m/s" ) 


the result i d evaluate T: = ee 
e result in (a) and evaluate 2sin30° 


Remarks: 9 = 90° requires wires of infinite length; therefore it is not possible. As 
gets small, T gets large without limit. 


*5Q eee 

Picture the Problem In part (a) we can apply Newton’s 2™ law to obtain the given 
expression for F. In (b) we can use a Symmetry argument to find an expression for tan Q. 
In (c) we can use our results obtained in (a) and (b) to express x; and yj. 


(a) Apply > F, = 0 to the balloon: F+T,sin@, —-T,,sin@_, =0 
Solve for F to obtain: F =| T_,sin0_,-T sin8, 
(b) By symmetry, each support must NF : 2 NE 
balance half of the force acting on tan @ = TOF 

the entire arch. Therefore, the H H 


vertical component of the force on 
the support must be NF/2. The 
horizontal component of the tension 
must be Ty. Express tan@® in terms 
of NF/2 and Ty: 


By symmetry, Ox+1 = — O. NEF 
Therefore, because the tangent tan @, =| — tan Ay, = —— 
function is odd: au 
(c) Using Ty = T; cos@,= T;,_.cos@.4, F T,,sin@_,  T,sin8@, 
divide both sides of our result in (a) T,, ~ T_,cos6_, T.cos@ 


by Ty and simplify to obtain: 
= tan@,_,—tand, 


Using this result, express tan 6: F 
P : tan 0, = tand, -— 


H 
Substitute for tan from (a): 
NF F F 
tan 0, = =(N -2) 
21 67 a ie 
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Generalize this result to obtain: FP 
tan 0, =| (N —2i)— 
H 
Express the length of rope between L 
two balloons: t between balloons — N41 


Express the horizontal coordinate of 
the point on the rope where the ith 
balloon is attached, x;, in terms of 
xX;-1 and the length of rope between 
two balloons: 


L 
XxX, =X + Wal COs Ge 
+ 


Sum over all the coordinates to obtain: L & 
x, =—— > cos 6, 
N+1% 


Proceed similarly for the vertical L 


i-1 
coordinates to obtain: y, == >isin 0; 
N+1%5 


(d) A spreadsheet program is shown below. The formulas used to calculate the quantities 
in the columns are as follows: 


Cell Content/Formula Algebraic Form 
_D* * 

C9 | ($B$2-2*B9)/(2*$B$4) (N —2i) Es 

21, 
D9 SIN(ATAN(C9)) sin(tan 6, 
E9 COS(ATAN(C9)) cos(tan@, ) 
F10 | F9+$B$1/($B$2+1)*E9 L 

X,_, +—cos 6, 
N+1 
G10 | G9+$B$1/($B$2+1)*D9 
Jia a COs O, 
A B C D E F G 

1 L= | 10 m 
Z N= | 10 
3 F=|1 N 
4 | TH= | 3.72 |N 
) 
6 
7 
8 I tan(thetai) | sin(thetai) | cos(thetai) | xi yi 
9 0 1.344 0.802 0.597 0.000 | 0.000 
10 1 1.075 0.732 0.681 0.543 | 0.729 
11 2 0.806 0.628 0.778 1.162 | 1.395 
12 3 0.538 0.474 0.881 1.869 | 1.966 
13 4 0.269 0.260 0.966 2.670 | 2.396 


224 Chapter 4 


14 ) 0.000 0.000 1.000 3.948 | 2.632 
15 6 —0.269 —0.260 0.966 4.457 | 2.632 
16 7 —0.538 —0.474 0.881 9.339 | 2.396 
17 8 —0.806 —0.628 0.778 6.136 | 1.966 
18 9 —1.075 —0.732 0.681 6.843 | 1.395 
19 10 —1.344 —0.802 0.597 7.462 | 0.729 
20 11 8.005 | 0.000 


(e) A horizontal component of tension 3.72 N gives a spacing of 8m. At this spacing, the 
arch is 2.63 m high, tall enough for someone to walk through. 


xj 


51 
Picture the Problem We know, because 
the speed of the load is changing in parts 
(a) and (c), that it is accelerating. We also 
know that, if the load is accelerating in a 
particular direction, there must be a net 
force in that direction. A free-body 
diagram for part (a) is shown to the right. 
We can apply Newton’s 2™ law of motion 
to each part of the problem to relate the 
tension in the cable to the acceleration of 
the load. Choose the upward direction to be mg 
the positive y direction. 


“Y 


(a) Apply DF y = Mma, to the load T—mg = ma 


and solve for T: ae 
, T =ma, +mg =m(a, +g) (1) 


Substitute numerical values and T= (1000 kg)(2 m/s’ + 9.81m/ s?) 
evaluate T: 
=| 11.8kN 


(b) Because the crane is lifting the T = mg = | 9.81kN 


load at constant speed, a = 0: 


(c) Because the acceleration of the 
load is downward, a is negative. 


Apply >; F,, = ma, to the load: 


Substitute numerical values in 
equation (1) and evaluate T: 
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Newton’s Laws 225 


T—mg = ma, 


T = (1000 kg)(9.81 m/s* — 2 m/s’) 


- [7a] 


Picture the Problem Draw a free-body diagram for each of the depicted situations and 
use the conditions for translational equilibrium to find the unknown tensions. 


(a) 
(b) 
80 N 
—-x 
(c) 


XF,, = T,cos60° — 30 N = 0 
and 


T, = (30 N)/cos60° = | 60.0 N 


XFy = T;sin60° — T = 0 
and 


T = T,sin60° =|52.0N 


“m= T>/g = | 5.30kg 


XF,, = (80 N)cos60° — T,sin60° = 0 
and 


T, = (80 N)cos60°/sin60° = | 46.2 N 


XFy = (80 N)sin60° — T, — T,cos60° = 0 


T> = (80 N)sin60° — (46.2 N)cos60° 


- [4620] 


m= T,/g = | 4.71 kg 


LF, = —T,cos60° + T3cos60° = 0 
and 
T, = T3 


XFy = 2T;sin60° —mg =0 
and 
T, = T3 = (58.9 N)/(2sin60°) 


- [3808] 
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53 eo 
Picture the Problem Construct the free- 
body diagram for that point in the rope at 


which you exert the force F and choose the 
coordinate system shown on the FBD. We 
can apply Newton’s 2™ law to the rope to 
relate the tension to F. 


(a) Noting that T; = T, = T, apply 


dF, = ma, to the car: 


Solve for and evaluate T: 


(b) Proceed as in part (a): 


“m= Ti/g = 


2Tsin@— F = ma, = 0 because the car’s 
acceleration is zero. 


F 400 N 
T= = = | 3.82 KN | kN 
Isin@ 2sin3° [ 3.82 KN | 


T= ous =| 4.30kN 
2sin 4° 


Free-Body Diagrams: Inclined Planes and the Normal Force 


*54 ¢ 
Picture the Problem The free-body 


diagram shows the forces acting on the box 


as the man pushes it across the frictionless 
floor. We can apply Newton’s 2" law of 
motion to the box to find its acceleration. 


Apply DF, = ma, to the box: 
Solve for a,: 


Substitute numerical values and 
evaluate a,: 


F cos@ =ma, 


Fcos0@ 
da = 


x 


m 


(250 N)cos35° ; 
2 =| 102m 
8, = og Loews! 
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Picture the Problem The free-body 
diagram shows the forces acting on the box 
as the man pushes it up the frictionless 
incline. We can apply Newton’s 2" law of 
motion to the box to determine the smallest 
force that will move it up the incline at 
constant speed. 


Apply > F. =ma, to the box as it F.,, Cos(40° — 8)— mg sind = 0 
moves up the incline with constant 

speed: 

Solve for Fyin? mg sind 


Fo =—_4___ 
mn cos(40° — 6) 


Substitute numerical values and 20kg\(9.81m/s2 

evaluate Fynin: Fain = (20kg)(9.81ms") =| 56.0N 
cos25 

56 


Picture the Problem Forces always occur in equal and opposite pairs. If object A exerts a 
force, F g,a on object B, an equal but opposite force, F AB = _F z,ais exerted by object B 
on object A. 


The forces acting on the box are its weight, 
W, and the normal reaction force of the 


inclined plane on the box, F.. The reaction 


forces are the forces the box exerts on the 
inclined plane and the gravitational force 
the box exerts on the earth. The reaction 
forces are indicated with primes. 
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Picture the Problem Because the block 
whose mass is m is in equilibrium, the sum 
of the forces F,, T, and mg must be zero. 
Construct the free-body diagram for this 
object, use the coordinate system shown 
on the free-body diagram, and apply 
Newton’s 2™ law of motion. 


Apply >) F, = ma, to the block on T — mgsin40° = ma, = 0 because the system 
the incline: is in equilibrium. 


228 Chapter 4 


Solve for m: 


The tension must equal the weight 


of the 3.5-kg block because that 


block is also 


in equilibrium: 


T 
m =————— 
gsin 40° 
T= (3.5 kg)g 


and 
ae (3.5kg)g = 3.5kg 
~ gsin40° sin 40° 
Because this expression is not included in 
the list of solution candidates, 


(d) is correct. 


Remarks: Because the object whose mass is m does not hang vertically, its mass 
must be greater than 3.5 kg. 


*58 ¢ 


Picture the Problem The balance(s) indicate the tension in the string(s). Draw free-body 
diagrams for each of these systems and apply the condition(s) for equilibrium. 


(a) 


(b) 


(c) 


(d) 


= 
mg 


> F, =T—mg =0 
and 


T = mg = (10kg)9.81m/s”) = 


> F, =T-T'=0 
or, because T '= mg, 
T=T'=mg 


= (10kg)(9.81m/s?)=| 98.1N 


> F, =T —mgsin30° = 0 
and 
T =mgsin30° 


= (10kg)(9.81m/s? )sin 30° = 
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Remarks: Note that (a) and (b) give the same answers ... a rather surprising result 
until one has learned to draw FBDs and apply the conditions for translational 


equilibrium. 


59 ee 

Picture the Problem Because the box is 

held in place (is in equilibrium) by the 

forces acting on it, we know that 
T+F,+W=0 

Choose a coordinate system in which the 

positive x direction is in the direction of 

T and the positive y direction is in the 

direction of F ,- Apply Newton’s 2™ law 

to the block to obtain expressions for 


T and F.. 


(a) Apply >, F’, = ma, to the box: 


Solve for T: 


Substitute numerical values and 
evaluate T: 


Apply > F,, = ma, to the box: 
Solve for F;: 


Substitute numerical values and 
evaluate F,: 


(b) Using the result for the tension 
from part (a) to obtain: 


T —mgsin@ =0 

T =mgsin@ 

T = (50kg)(9.81m/s’ }sin 60° = 
F, —mgcos@ =0 

F, =mgcos@ 


F, =(50kg)(9.81m/s )cos60° 


=| 245N 
Toye = mg sin 90° = 


and 


T,. = mg sin 0° =| 0 
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60 
Picture the Problem Draw a free-body 
diagram for the box. Choose a coordinate 
system in which the positive x-axis is 
parallel to the inclined plane and the 
positive y-axis is in the direction of the 
normal force the incline exerts on the 
block. Apply Newton’s 2" law of motion 
to both the x and y directions. 


(a) Apply »S F,, = ma, to the block: 
Solve for F;,: 


Substitute numerical values and 
evaluate F,: 


(b) Apply >» F’, = ma, to the block: 


Solve for a: 


Substitute numerical values and 
evaluate a: 


*G1 ee 
Picture the Problem The scale reading 
(the boy’s apparent weight) is the force the 
scale exerts on the boy. Draw a free-body 
diagram for the boy, choosing a coordinate 
system in which the positive x-axis is 
parallel to and down the inclined plane and 
the positive y-axis is in the direction of the 
normal force the incline exerts on the boy. 
Apply Newton’s 2™ law of motion in the y 
direction. 


Apply > F, = ma, to the boy to 


find F,,. Remember that there is no 
acceleration in the y direction: 


\ 
F, _x 
oe =~ 
re 
- 25° 
=a 
at 25° 100 N 
Pe 
\ 
\ 
me 


F, —mg cos 25°—(100 N)sin 25° = 0 
F, =mgcos25°+(100N)sin 25° 


=(12 kg)(9.81m/s? )cos25° 
+ (100 N)sin 25° = 


(100 N)cos 25° — mg sin 25° = ma 


= HOON )cos2s gsin25° 
_ {LO0N)cos25 (9.81m/s?)sin 25° 
12kg 
=| 3.41m/s* 
y 
/ 
~ Fy 
NS 
_~ 
“XN 
30° A. 
is 
4 iy 
/ - 
W 


F, —W cos30° = 0 
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Substitute for W to obtain: F. —mg cos30° = 0 


Solve for F,: F, =mg cos30° 


Substitute numerical values and F 
n 
evaluate F;,;: 


(65kg)(9.81m/s” )cos30° 


=| 552N 


62 
Picture the Problem The free-body 
diagram for the block sliding up the incline 
is shown to the right. Applying Newton’s 
2™ Jaw to the forces acting in the x 
direction will lead us to an expression for 
a,. Using this expression in a constant- 
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acceleration equation will allow us to 
express h as a function of vo and g. 


The height h is related to the 
distance Ax traveled up the incline: 


Using a constant-acceleration 
equation, relate the final speed of the 
block to its initial speed, 
acceleration, and distance traveled: 


Solve for Ax to obtain: 


Apply > F’, = ma, to the block and 


solve for its acceleration: 


Substitute these results in the 
equation for h and simplify: 


h= Axsin@ 


Vv’ =Vvo + 2a, Ax 
or, because v = 0, 


0 =v, + 2a, Ax 
igs 
2a 


—mg sin @ = ma, 


and 
da, = -g sind 
2 
h= Axsin@ = : si 
2gsin@ 
_| Yo 
2g 


which is independent of the ramp’s angle @ 
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Free-Body Diagrams: Elevators 


63° 

Picture the Problem Because the elevator y 

is descending at constant speed, the object = 

is in equilibrium and T + mg = 0. Draw a 

free-body diagram of the object and let the 

upward direction be the positive y | 
mg 


direction. Apply Newton’s 2™ law with a = 
0. 


Because the downward speed is T-mg=0>T=mg 
constant, the acceleration is zero. and 


Apply DF y = Mma, and solve for (a) is correct. 


T: 


64 = 

Picture the Problem The sketch to the y 

right shows a person standing on a scale in | 

a descending elevator. To its right is a free- > 
body diagram showing the forces acting on Wapp 
the person. The force exerted by the scale 


on the person, Wapp> is the person’s 


apparent weight. Because the elevator is 
slowing down while descending, the 
acceleration is directed upward. 


Apply > F’,, = ma, to the person: Wap ~ Mg = ma, 


Solve for Wapp: Wapp = mg +ma, > mg 


The apparent weight will be higher. Because an upward acceleration is required 
to "slow" a downward velocity, the normal force exerted on you by thescale 


(your apparent weight) must be greater than your weight. 


*65 

Picture the Problem The sketch to the y 
right shows a person standing on a scale in | 

the elevator immediately after the cable Wapp 
breaks. To its right is the free-body 

diagram showing the forces acting on the 

person. The force exerted by the scale on 


the person, Wapp is the person’s apparent 


weight. 
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From the free-body diagram we can see that w,,, + mg = ma where g is the local 


gravitational field and d is the acceleration of the reference frame (elevator). When the 
elevator goes into free fall (a = g ), our equation becomes w,,, + mg = ma = mg. This 


tells us that w,,,, = 0. | (e) is correct. 
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Picture the Problem The free-body y 
diagram shows the forces acting on the 10- 


kg block as the elevator accelerates 

upward. Apply Newton’s 2™ law of motion 

to the block to find the minimum 

acceleration of the elevator required to [ 
break the cord. nig 


Apply > F, = ma, to the block: T'— mg = may 

Solve for a, to determine the T-mg T 

minimum breaking acceleration: a i 

Substitute numerical values and 150N ; 
evaluate ay: a, = 10ke —9.81m/s° =| 5.19m/s 
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Picture the Problem The free-body y 

diagram shows the forces acting on the | 

2-kg block as the elevator ascends at a r 


constant velocity. Because the acceleration 
of the elevator is zero, the block is in 
equilibrium under the influence of 

T andmg. Apply Newton’s 2" law of 
motion to the block to determine the scale 


reading. me 
(a) Apply >° E, = ma, to the block T-—mg= ma, (1) 
to obtain: 
For motion with constant velocity, T —mg = 0Oand T = mg 
ay = 0: 
Substitute numerical values and 2 

r=(2k 81 =|19.6N 
evaluate T: ( g)(9 ius ) 
(b) As in part (a), for constant T —mg =ma, 


velocity, a = 0: ‘al 


T = (2kg)(9.81m/s’) = 
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(c) Solve equation (1) for T and T =mg+ma, = mg + a,) (2) 
simplify to obtain: 


Because the elevator is ascending T= (2 kg)(9.81m/s? ale? )= 


and its speed is increasing, we have 
ay = 3 m/s*. Substitute numerical 
values and evaluate T: 


(d) For 0 <t<5s: a,=0 and T -119.6N 
0>5s : 
Using its definition, calculate a for Av O0-10m/s 9 
Bie a4. ae aa ie = —2.5m/s 
Substitute in equation (2) and Ts,s0s = (2 kg)9.8 1m/s* —2.5m/s” ) 


evaluate T: 
=|14.6N 

Free-Body Diagrams: Ropes, Tension, and Newton’s Third Law 
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Picture the Problem Draw a free-body diagram for each object and apply Newton’s 2™ 


law of motion. Solve the resulting simultaneous equations for the ratio of T, to To. 


Draw the FBD for the box to the left y 
and apply YF, =ma,: [" 


T; = m,q, 


Draw the FBD for the box to the Y 
right and apply > =ma,: 


The two boxes have the same da, = a 
acceleration: 


Divide the second equation by the T, m, 
first: T wn 
2 
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Solve for the ratio T,/T> : ie Mm sha ais coment 


TI, mt+m, 
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Picture the Problem Call the common acceleration of the boxes a. Assume that box 1 
moves upward, box 2 to the right, and box 3 downward and take this direction to be the 
positive x direction. Draw free-body diagrams for each of the boxes, apply Newton’s 2" 
law of motion, and solve the resulting equations 


simultaneously. 
(a) (b) (c) ; 
| i T; 
< x — — 
W, | Wi 
(a) Apply }’ F, = ma, to the box T,—w, = ma 


whose mass is m: 


Apply FF. = ma, to the box Tz-—T; = mya 


whose mass is mp: 


Noting that T, = T, , apply w3 — I) = m3a 
dF, = ma, to the box whose mass 


is M3: 


Add the three equations to obtain: W3 — Wi = (m, + m2 + m3)a 


Solve for a: 


(m, = m, )g 
m, + m, + mM, 


a= 


Substitute numerical values and 
evaluate a: 


7 (2:5kg-1.5kg)9.81m/s") 
1.5kg+3.5kg +2.5kg 


=| 1.31m/s? 


(b) Substitute for the acceleration in 
the equations obtained above to find 
the tensions: 


236 Chapter 4 


*70 ee 

Picture the Problem Choose a coordinate 
system in which the positive x direction is 
to the right and the positive y direction is 


upward. Let F, be the contact force 


exerted by m2 on m, and F,, be the force 
exerted by m, on mp. These forces are equal 
and opposite so F,, = -F,,. The free- 


body diagrams for the blocks are shown to 
the right. Apply Newton’s 2" law to each 

block separately and use the fact that their 
accelerations are equal. 


(a) Apply >, = ma, to the first 
block: 


Apply >, = ma, to the second 
block: 


Add these equations to eliminate F,; 
and F’,» and solve for 
a = a1 = dp: 


Substitute your value for a into 
equation (1) and solve for F»: 


(b) Substitute numerical values in 
the equations derived in part (a) and 
evaluate a and F; >: 


n,1 Fi? 
Fi F Fie 
<— 
mM my 
Wy Wy 
F-F,,=ma,=ma 
F, =m,a, =m,a (1) 
F 
a =| ——— 
m, +m, 
Bye _Fm,_ 
m, +m, 
a= Ne 0.400 m/s? 
2kg+6kg 


and 


(3.2N\6kg) 
FF, =————_~ = | 2.40N 
1,2 2 kg + 6kg 


Remarks: Note that our results for the acceleration are the same as if the force F 
had acted on a single object whose mass is equal to the sum of the masses of the two 
blocks. In fact, because the two blocks have the same acceleration, we can consider 
them to be a single system with mass m, + mp. 
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Picture the Problem Choose a coordinate 
system in which the positive x direction is 
to the right and the positive y direction is 


upward. Let F, be the contact force F.. 


exerted by m2 on m, and F,, be the force 
exerted by m, on m. These forces are equal 
and opposite so F,, = -F,,. The free- 


body diagrams for the blocks are shown. 
We can apply Newton’s 2” law to each 
block separately and use the fact that their 
accelerations are equal. 


(a) Apply ee = ma, to the first F-F,=m,a,=m,a 

block: 

Apply DF, = ma, to the second F,,=ma,=ma (1) 
block: 

Add these equations to eliminate FP 

F , and F', and solve for a= 

d= da,=a): ea 


Substitute your value for a into 


equation (1) and solve for F3,: Fm, 
F,, =| ———— 
“| m, +m, 
(b) Substitute numerical values in 29N 7 
the equations derived in part (a) and a= 2kg + 6kg = | 0.400 m/s 
evaluate a and F»): d 
an 


(3.2N\(2kg) 
FE. ito, ri N 
* 2kg+6kg = 


Remarks: Note that our results for the acceleration are the same as if the force F had 
acted on a single object whose mass is equal to the sum of the masses of the two 
blocks. In fact, because the two blocks have the same acceleration, we can consider 
them to be a single system with mass m, + mp. 
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Picture the Problem The free-body diagrams for the boxes and the ropes are below. 
Because the vertical forces have no bearing on the problem they have not been included. 
Let the numeral 1 denote the 100-kg box to the left, the numeral 2 the rope connecting the 
boxes, the numeral 3 the box to the right and the numeral 4 the rope to which the force 


F is applied. F, , is the tension force exerted by m3 on ma, F 4.318 the tension force 


exerted by m, on ms, F, , is the tension force exerted by m2 on m3, F, , is the tension 
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force exerted by m3 on mp, F., is the tension force exerted by m; on mp, and F 21S the 


tension force exerted by mz on m,. The equal and opposite pairs of forces are F a 


-F 


1,2? 
rope separately and use the fact that their accelerations are equal. 


F,, aaa F,,, and F,, io F, ,. We can apply Newton’s 2™ law to each box and 


Fy | F\2 F34 Iy3 P43 Fy 4 F 
<I> <--> <UnE—»> 
m, my m3; my 
Apply iF = ma to the box whose F,, =ma,=ma (1) 
mass is m,: 
Apply iF = ma to the rope F,. —F,, =m,a, = m,a (2) 


whose mass is mp: 


Apply iF = ma to the box whose F,3 —F,, =m,a, = m,a (3) 
mass is M3: 
Apply iF = ma to the rope F-F,,=m,a,=m,a 
whose mass is m,: 
Add these equations to eliminate F- (m, +m, +m,+m, Ja 
Fy4, Fiz, F32, F23, Fa3, and F34 and 4 
solve for F: = (202kg)(1.0m/s) =| 202N 
Use equation (1) to find the tension F.. = (00ke\1.0m/s2)=| 100N 
at point A: ae ( ek ; ) 
Use equation (2) to find the tension F,,= EB, +m 
at point B: , 
=100 N+ (1kg)(1.0 m/s?) 
=|101N 
Use equation (3) to find the tension F,,=F,,+m,a 


int C: 
at point =101N +(100kg)(1.0m/s?) 


- [BIN] 
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Picture the Problem Because the 
distribution of mass in the rope is 
uniform, we can express the mass m’ of 
a length x of the rope in terms of the 
total mass of the rope M and its length 
L. We can then express the total mass 
that the rope must support at a distance 
x above the block and use Newton’s 2" 
law to find the tension as a function of 
x. 


Set up a proportion expressing the 
mass m’ of a length x of the rope as 
a function of M and L and solve for 


' 


m: 


Express the total mass that the rope 
must support at a distance x above 
the block: 


Apply >, F,, = ma, to the block 
and a length x of the rope: 


Solve for T to obtain: 
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Picture the Problem Choose a coordinate 


system with the positive y direction 
upward and denote the top link with the 
numeral 1, the second with the numeral 2, 
etc.. The free-body diagrams show the 
forces acting on links 1 and 2. We can 
apply Newton’s 2” law to each link to 
obtain a system of simultaneous equations 
that we can solve for the force each link 
exerts on the link below it. Note that the 
net force on each link is the product of its 
mass and acceleration. 


(a) Apply » F,, = ma, to the top 
link and solve for F: 


Newton’s Laws 


—: 

Dae 
sy 

3) 


is 
| ‘ V 
W 
m 
m M ; 
=—> m'=—x 
xX L L 


; M 
m+m'=m+—x 
L 


M 
T =| (a+g} m+—x 
( a Hy) 
— Fi 
F=F, 
we mg 
F 
2, — F, 
3 
4 mg 
5 F 
F —5mg =5ma 
and 
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Substitute numerical values and 
evaluate F: 


(b) Apply > F, =ma, toa single 
link: 


(c) Apply YF, = ma, to the 1“ 
through 5" links to obtain: 


Add equations (2) through (5) to 
obtain: 
Solve for F> to obtain: 


Substitute numerical values and 
evaluate F): 


Substitute for F> to find F3, and then 
substitute for F3 to find Fy: 


Solve equation (5) for Fs: 


Substitute numerical values and 
evaluate F:: 
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Picture the Problem A net force is 


required to accelerate the object. In this 
problem the net force is the difference 
between T and W(= mg). The free-body 


diagram of the object is shown to the right. 
Choose a coordinate system in which the 


upward direction is positive. 
Apply > F = ma to the object to 
obtain: 


Solve for the tension in the lower 
portion of the rope: 


F =5(0.1kg)(9.81m/s? + 2.5m/s’) 
=|6.16N 


ESS (0.1kg\(2.5m/s?) 


- [03505 


F-F,—-mg=ma, (1) 
F, —F,—mg =ma, (2) 
F,—F,-—mg =ma, (3) 
F, — F, ~mg = ma, and (4) 
F,—mg = ma (5) 
F, —4mg = 4ma 


F, =4mg + 4ma = 4m(a+qg) 


F, = 4(0.1kg)(9.81m/s? + 2.5m/s?) 


=| 4.92N 
F, =| 3.69N | and F, =| 2.46N | 
F, = m(g +a) 


F, = (0.1kg)(9.81m/s? + 2.5m/s?) 
=/1.23N 


4 


mg 


Foe = T- W= T-—mg 


T = Fue + mg = ma + mg 


= m(a + g) 
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Using its definition, find the a = Av/At = (3.5 m/s)/(0.7 s) 
acceleration of the object: = 5.00 m/s* 


Substitute numerical values and T = (40 kg)(5.00 m/s* + 9.81 m/s’) 
evaluate T: = 592 N and | (a) is correct. | 
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Picture the Problem A net force in the y 
downward direction is required to | 
accelerate the truck downward. The net 


force is the difference between W, andT. 


Sy 


A free-body diagram showing these forces 
acting on the truck is shown to the right. 
Choose a coordinate system in which the 
downward direction is positive. 


> 


W.= mg 


Apply dF, = ma, to the truck to T-mg =m,a, 


obtain: 


Solve for the tension in the lower T=mg+ma, =m, (g +a ) 
portion of the cable: . 


Substitute to find the tension in the Tam (g 7 0.1g) = 0.9m,g 


rope: 
and | (c) is correct. 
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Picture the Problem Because the string does not stretch or become slack, the two objects 
must have the same speed and therefore the magnitude of the acceleration is the same for 
each object. Choose a coordinate system in which up the incline is the positive x direction 
for the object of mass m; and downward is the positive x direction for the object of mass 
mp. This idealized pulley acts like a piece of polished pipe; i.e., its only function is to 
change the direction the tension in the massless string acts. Draw a free-body diagram for 
each of the two objects, apply Newton’s 2" law of motion to both objects, and solve the 
resulting equations simultaneously. 


(a) Draw the FBD for the object of yy ~ 
mass mM: F. T 


— > 
Ww) = mg 


Apply dF, = ma,, to the object T—my,gsin@= mia 


whose mass is m,: 
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Draw the FBD for the object of T 
mass Mm): 
W, = mg 

Apply DF = ma, to the object mg —T = ma 
whose mass is m2: 
Add the two equations and solve g(m, —™m, sin 0) 
for a: a =| ———_— 

m, +m, 
Substitute for a in either of the gm,m, (1 +sin 0) 
equations containing the tension SS 
and solve for T: Ts 


(b) Substitute the given values as 45m 
into the expression for a: 


Substitute the given data into the T =| 36.8N 
expression for T: 36.8N | 
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Picture the Problem The magnitude of the accelerations of Peter and the 
counterweight are the same. Choose a coordinate system in which up the incline is the 
positive x direction for the counterweight and downward is the positive x direction for 
Peter. The pulley changes the direction the tension in the rope acts. Let Peter’s mass be 
mp. Ignoring the mass of the rope, draw free-body diagrams for the counterweight and 
Peter, apply Newton’s 2™ law to each of them, and solve the resulting equations 
simultaneously. 


5 
(a) Using a constant acceleration Ax =v,At+4 a( At) 
equation, relate Peter’s displacement 


: ; or, because vo = 
to her acceleration and descent time: , ause Vo = 0, 


Ax = La(Aty’ 
Solve for the common acceleration 2 AX 
of Peter and the counterweight: am (at) 
Substitute numerical values and 2(3.2 m) 


evaluate a: a= (2.28) = 


Draw the FBD for the 
counterweight: 


Apply DF, = m4, to the 


counterweight: 


Draw the FBD for Peter: 


Apply DF, = m4, to Peter: 


Add the two equations and solve for 
m: 


Substitute numerical values and 
evaluate m: 


(b) Substitute for m in the force 
equation for the counterweight and 
solve for T: 
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T —mg sin50° = ma 


O——> 
ok 


|. 


x 


mpg — T =mpa 


__m,(g=a)_ 
a+gsin50° 


oe (50kg)(9.81m/s* —1.32m/s* 


1.32m/s* + (9.81m/s* }sin50° 
=| 48.0k¢ 


T =m(a+gsin50°) 


(b) Substitute numerical values and evaluate T: 


T =(48.0kg)|1.32m/s?+ (9.81m/s”) sin50°|= 
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Picture the Problem The magnitude of the accelerations of the two blocks are the same. 
Choose a coordinate system in which up the incline is the positive x direction for the 8-kg 
object and downward is the positive x direction for the 10-kg object. The peg changes the 
direction the tension in the rope acts. Draw free-body diagrams for each object, apply 
Newton’s 2™ law of motion to both of them, and solve the resulting equations 
simultaneously. 


244 Chapter 4 


(a) Draw the FBD for the 3-kg object: 


Apply > F, = ma, to the 3-kg block: 


Draw the FBD for the 10-kg object: 


Apply y F,, = ma, to the 10-kg block: 


Add the two equations and solve for 
and evaluate a: 


Substitute for a in the first of the 
two force equations and solve for T: 


Substitute numerical values and 
evaluate T: 


(b) Because the system is in 
equilibrium, set a = 0, express the 
force equations in terms of m, and 
Mp, add the two force equations, and 
solve for and evaluate the ratio 
m,/mMp: 


Mog sin50° — T = moa 


g (m,, sin 50° — m, sin 40°) 


M, +My 
=| 1.37 m/s* 


T =m,g sin 40° + m,a 


T = (8kg)|(9.81m/s? )sin 40° 
+1.37 m/s? | 


=| 61.4N 


T—myg sin40° = 0 

mog sin50°— T = 0 

.“. Mg sin50°— mig sin40° = 0 
and 

m, _ sin50° 


=| 1.19 
m,  sin40° 
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Picture the Problem The pictorial 
representations shown to the right 
summarize the information given in this 
problem. While the mass of the rope is 
distributed over its length, the rope and the 
6-kg block have a common acceleration. 
Choose a coordinate system in which the 
direction of the 100-N force is the positive 
x direction. Because the surface is 
horizontal and frictionless, the only force 
that influences our solution is the 100-N 
force. 


(a) Apply 2 F, =ma, to the 
objects shown for part (a): 


Solve for a to obtain: 


Substitute numerical values and 
evaluate a: 


(b) Let m represent the mass of a 
length x of the rope. Assuming that 
the mass of the rope is uniformly 
distributed along its length: 


Let T represent the tension in the 
rope at a distance x from the point at 
which it is attached to the 6-kg 


block. Apply », F. =ma,, to the 


system shown for part (b) and solve 
for T: 
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Picture the Problem Choose a coordinate 
system in which upward is the positive y 
direction and draw the free-body diagram 
for the frame-plus- painter. Noting that 

F =-—T, apply Newton’s 2™ law of 
motion. 


(a) Letting Mtot = Meframe + Mpaintery 


Newton’s Laws 


m 


m 100 N 
6kg Grefiaee 4 ko ae—_—_> 


|«——— 5 m——>| 


Part (a) 


Part (b) 


100 N = (m, + mp)a 


_ 100N 
m, +m, 
100N 5 
a = —— =| 10.0m/s 
Toke 7 L10-om5" | 
mm, _ 4kg 
x Lo. om 
and 
n-(8), 
5m 


T=(m,+mj)a 


=| 6kg+ [8 sho m/s?) 


=| 60N +(8N/m)x 


Oo 
Mio 


2T — Mog = Mord 
and 
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apply YF y = Mma, to the frame- 
plus-painter and solve T: 


Substitute numerical values and 
evaluate T: 


Because F = T: 


(b) Apply }° F, = ma, with a=0 


to obtain: 
Solve for T: 


Substitute numerical values and 
evaluate T: 
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7a Mo(4+ 9) 
2 
— (kg)(o8ms +9.81m/s?] 
=398N 
2T-— Mog = 0 
T= 7M 


T = 4(75kg)(9.81m/s?)=| 368N 


Picture the Problem Choose a coordinate system in which up the incline is the positive x 
direction and draw free-body diagrams for each block. Noting that a,, = —d,,, apply 


Newton’s 2™ law of motion to each block and solve the resulting equations 


simultaneously. 


Draw a FBD for the 20-kg block: 


Apply > F’, = ma, to the block to 


obtain: 


Draw a FBD for the 10-kg block. 
Because all the surfaces, including 
the surfaces between the blocks, are 
frictionless, the force the 20-kg 
block exerts on the 10-kg block 
must be normal to their surfaces as 
shown to the right. 


Apply » F’, = ma, to the block to 


obtain: 


M08 


T- Moogsin2 a M20904209 


Fy on 10 
\ 


m\0& 


T — mygsin20° = m19A19 


Because the blocks are connected by a 
taut string: 


Substitute for a9 and eliminate T 
between the two equations to obtain: 


Substitute for either of the 
accelerations in the force equations 
and solve for T: 
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A290 = —Qj0 
a, =| 1.12m/s* 
and 


Picture the Problem Choose a coordinate system in which the positive x direction is to 
the right and draw free-body diagrams for each block. Because of the pulley, the string 
exerts a force of 2T. Apply Newton’s 2" law of motion to both blocks and solve the 


resulting equations simultaneously. 


(a) Noting the effect of the pulley, 
express the distance the 20-kg block 
moves in a time At: 


(b) Draw a FBD for the 20-kg block: 


Apply » F’, = ma, to the block to 


obtain: 


Draw a FBD for the 5-kg block: 


Apply > F,, = ma, to the block to 


obtain: 


Using a constant-acceleration 
equation, relate the displacement of 
the 5-kg block to its acceleration 


Axo = 7 AXxs = (10cm) = 


= > 
Wyo = My9g 


2T = m0420 


Ws =m sf 


x— 


msg —T = msds 


Ax, = ta,(Aty 
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and the time during which it is 
accelerated: 


Usin - i = 2 
ga constant acceleration AX) = 4p, ( At) 
equation, relate the displacement of 

the 20-kg block to its acceleration 

and the time during which it is 


accelerated: 
= : ; 7 
Divide the first of these equations Ax, _ 4a, ( At) _ 4a, 
by the second to obtain: = ee 
AXoq 2 Ag (At) 59 
Use the result of part (a) to obtain: t.=20,, 
Let do9 = a. Then as = 2a and the 2T = moa 
force equations become: and 
msg — T = m;(2a) 
Eliminate T between the two msg 
equations to obtain: a aa ere 
5 2 20 
Substitute numerical values and 5ke )(9.81m/s2 
evaluate do and as: Ay) = ( g)( ; =| 2.45m/s* 
2(5kg)+ +(20kg) 
and 


a, = 2(2.45m/s)=| 4.91m/s” 


Substitute for either of the T =| 245N 
accelerations in either of the force 
equations and solve for T: 


Free-Body Diagrams: The Atwood’s Machine 
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Picture the Problem Assume that m, > m2. Choose a coordinate system in which the 
positive y direction is downward for the block whose mass is m, and upward for the 
block whose mass is m2 and draw free-body diagrams for each block. Apply Newton’s 
2™ law of motion to both blocks and solve the resulting equations simultaneously. 


Draw a FBD for the block whose mass y 


is Mo: 7 


mg 


Apply >» F,, = ma, to this block: 


Draw a FBD for the block whose 
mass is Mm: 


Apply > F,, = ma, to this block: 


Because the blocks are connected 
by a taut string, let a represent their 
common acceleration: 


Add the two force equations to 
eliminate T and solve for a: 


Substitute for a in either of the force 
equations and solve for T: 
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T — mog = maz 


—> 
it 


ass 
ms 


mg —T=m,q, 


ad =a, = do) 


m,g—-m,g = m,a+ ma 


and 
m—-m 
a= 1 2 g 
m,+m, 
T = 2m,m,g 
m, +m, 


Picture the Problem The acceleration can be found from the given displacement during 
the first second. The ratio of the two masses can then be found from the acceleration 
using the first of the two equations derived in Problem 89 relating the acceleration of the 


Atwood’s machine to its masses. 


Using a constant-acceleration 
equation, relate the displacement of 
the masses to their acceleration and 
solve for the acceleration: 


Solve for and evaluate a: 


Solve for m; in terms of m, using 
the first of the two equations given 
in Problem 84: 


Find the second mass for m» or 
m,=1.2 kg: 


Ay = Vot + 4.a(At)’ 
or, because Vo = 0, 
Ay = 4a(At)” 


jo = 2(0.3m) = 0.600 m/s? 
(At) (Is) 
2 
m, =m, ae eae =1.13m, 


g-a_ 9.21m/s? 


Mynramass =| 2-36kg or 1.06kg 
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Picture the Problem Let F,,, be the force y 
the block of mass m, exerts on the pebble = 
of mass m. Because m2 < my, the block of “7 
mass mM accelerates upward. Draw a free- 

body diagram for the pebble and apply 

Newton’s 2™ law and the acceleration 

equation given in Problem 84. 


Apply >. F,, = ma, to the pebble: Fim — Mg = ma 
Solve for Fam! F n= m(a + g) 


From Problem 84: m 
a 


2mm 


Substitute for a and simplify to m, — 
obtain: Fi, =m 


m, +m, 
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Picture the Problem Note from the free-body diagrams for Problem 89 that the net force 
exerted by the accelerating blocks is 2T. Use this information, together with the 
expression for T given in Problem 84, to derive an expression for F = 2T. 


From Problem 84 we have: Te 2m,m,g 
m,+m, 
The net force, F, exerted by the 4mm 
Atwood’s machine on the hanger is: P=2T= mull 
m,+m, 
If m; = m2 = m, then: Aim? 
pes 2mg ... as expected. 
2m 
If either m, or mz = 0, then: F=0... also as expected. 
88 coe 


Picture the Problem Use a constant-acceleration equation to relate the displacement of 
the descending (or rising) mass as a function of its acceleration and then use one of the 
results from Problem 84 to relate a to g. Differentiation of our expression for g will allow 
us to relate uncertainty in the time measurement to uncertainty in the measured value for 
g ... and to the values of m, that would yield an experimental value for g that is good to 
within 5%. 
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(a) Use the result given in Problem m+m 

84 to express g in terms of a: g=a——> (1) 
m,—mM, 

Using a constant-acceleration Ay =L=v,At+4 a( Aty 


equation, express the displacement, 


L, as a function of t and solve for the or, because Vo = 0 and At = ¢, 


acceleration: a= 2b (2) 
t? 
Substitute this expression for a: IL(m+m 
| ae 1 2 
oe [2 —m, 
(b) Evaluate dg/dt to obtain: dg gies m, +m, 
dt m,—™M, 
—2/2L( m+m,)_—2g 
t Lt? \\m,-m, t 
Divide both sides of this expression dg dt 
by g and multiply both sides by dt: an 2 5 
(c) We have: 


Solve the second of these equations ; dt 1s 4 
for t to obtain: 0.025 0.025 
Substitute in equation (2) to obtain: 2 
as o = 28) _ 9 375mis? 
(4s) 
Solve equation (1) for m2 to obtain: g-a 
m, = m, 
gta 
Evaluate m; with m, = 1 kg: 9.81m/s2 —0.375m/s2 ) 
> 9.81m/s’ +0.375m/s? 
= 0.926k¢g 
Solve equation (1) for m, to obtain: gta 
m, =m, —— 
g-—a 
Substitute numerical values to obtain: 9.81 m/s? + 0.375 m/s” 


m, = (0.926k 
= é) 9.81 m/s* —0.375 m/s” 


=1.08kg 
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Because the masses are interchangeable: 


*89 oo 


m, =| 0.926kg or 1.08kg 


Picture the Problem We can reason to this conclusion as follows: In the two extreme 
cases when the mass on one side or the other is zero, the tension is zero as well, because 
the mass is in free-fall. By symmetry, the maximum tension must occur when the masses 
on each side are equal. An alternative approach that is shown below is to treat the 


problem as an extreme-value problem. 


Express mp, in terms of M and m;: 


Substitute in the equation from 
Problem 84 and simplify to obtain: 


Differentiate this expression with 
respect to m, and set the derivative 
equal to zero for extreme values: 


Solve for m, to obtain: 


Show that m, = M/2 is a maximum 
value by evaluating the second 
derivative of T with respect to m, at m, 
= M/2: 


m =M-m, 
2gm,(M m,) _ _ i 
Te =2 5 
m,+M —m, 
T 2 
aT =? o(1- a) = 0 for extreme values 
dm, 
m,=3M 
dT 4g 


=—— <0, independently of m 
aim 7 Pp Ma l 


and we have shown that 


T isa maximum when 


= —l1 
m,=m,=3M. 


Remarks: An alternative solution is to use a graphing calculator to show that T as a 
function of m, is concave downward and has its maximum value when 


m, = m2 = M/2. 
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Picture the Problem The free-body 
diagrams show the forces acting on the 


objects whose masses are m; and mp. The 
application of Newton’s 2” law to these 
forces and the accelerations the net forces 


are responsible for will lead us to an 


expression for the tension in the string as a 
function of m, and m>. Examination of this 
expression as for m)>> m, will yield the 


predicted result. 


(a) Apply dF, = ma, to the 
objects whose masses are m,; and mp 
to obtain: 


= 
mg 

~ 

mg 


[, —mg =™m,d, 
and 


m,g —T, =m,a, 


Assume that the role of the pulley is 
simply to change the direction the 
tension acts. Then T, = T> = T. 
Because the two objects have a 


common acceleration, let a = a; = dp. 


Eliminate a between the two 
equations and solve for T to obtain: 


Divide the numerator and 
denominator of this fraction by mp: 


Take the limit of this fraction as 
Mm» — © to obtain: 


(b) Imagine the situation when 
M2 >> mM: 


Under these conditions, the net force 
acting on the object whose mass is 
m, is mig and: 


General Problems 
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T= star’ 
m, +m, 
T= 2m,g 
14 
mM, 

T =| 2mg 


Under these conditions, the object whose 
mass is mp is essentially in free- 

fall, so the object whose mass is m, is 
accelerating upward with an acceleration 
of magnitude g. 


T-—mg =mg => T = 2m. 
Note that this result agrees with that 
obtained using more analytical methods. 


Picture the Problem Choose a coordinate system in which the force the tree exerts on 
the woodpecker’s head is in the negative-x direction and determine the acceleration of the 
woodpecker’s head from Newton’s 2™ law of motion. The depth of penetration, under the 
assumption of constant acceleration, can be determined using a constant- acceleration 
equation. Knowing the acceleration of the woodpecker’s head and the depth of 
penetration of the tree, we can calculate the time required to bring the head to rest. 


(a) Apply Ds F, = ma, to the 
woodpecker’s head to obtain: 


(b) Using a constant-acceleration 
equation, relate the depth-of- 
penetration into the bark to the 
acceleration of the woodpecker’s 
head: 


Solve for and evaluate Ax: 


fete =6N 
*“""m — 0.060kg 


100 m/s” 


v’ =v) + 2aAx 
or, because v = 0, 
0 =v, +2aAx 


—v  —(3.5m/s)’ 


= =| 6.13cm 
2a 2(-100 m/s?) 


AX = 
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(c) Use the definition of V-V 
acceleration to express the time At = 
required for the woodpecker’s head 
to come to rest: 


At 
a 


Substitute numerical values and —Vy 


At = 


evaluate At: a 


*Q2 ee 

Picture the Problem The free-body 
diagram shown to the right shows the 
forces acting on an object suspended from 
the ceiling of a car that is accelerating to 
the right. Choose the coordinate system 
shown and use Newton’s laws of motion 
and constant- acceleration equations in the 
determination of the influence of the forces 
on the behavior of the suspended object. 


The second free-body diagram shows the 
forces acting on an object suspended from 
the ceiling of a car that is braking while it 
moves to the right. 


or, because v = 0, 
_V~Vo 


—3.5m/s 
——— =| 35.0ms 
—100 m/s? [ 35.0ms | 
| / 
| > 
; 
/ 
—— So x 
mg 
=e | 
r | 
4 
— —p- — — -x 


- 
mg 


In accordance with Newton's law of inertia, the object's displacement 


will be in the direction opposite that of the acceleration. 


(b) Resolve the tension, T, into its =F, = TsinO 
components and apply >F =ma and 
to the object: 


=ma 


XF, = TcosO— mg = 0 


Take the ratio of these two Tsin@ ma 
equations to eliminate T and m: T cos@ = mg 
or 


tangd=2 > a=gtand 
g 


Because the acceleration is opposite the direction the car is moving, 
Cc 
the accelerometer will swing forward. 


Using a constant-acceleration 
equation, express the velocity of the 
car in terms of its acceleration and 
solve for the acceleration: 


Solve for a: 


Substitute numerical values and 
evaluate a: 


Solve the equation derived in (b) for 
0: 


Substitute numerical values and 
evaluate 0: 
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Picture the Problem The free-body 


diagram shows the forces acting at the top 
of the mast. Choose the coordinate system 
shown and use Newton’s 2™ and 3™ laws of 
motion to analyze the forces acting on the 


deck of the sailboat. 


Apply > F,, = ma, to the top of the 


mast: 


Find the angles that the forestay and 
backstay make with the vertical: 


Solve the x-direction equation for Tz: 


Find the downward forces that Tp 
and Tr exert on the mast: 


Solve for Fypast to obtain: 
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v? =vi + 2aAx 


or, because v = 0, 


O0=Vv, +2aAx 
gos 
2Ax 


A= wn-( 2 
g 


2 
O= wn [Ee ~| 9.32° 


9.81m/s* 


T;sin & — Tpsin 6, = 0 


0, = 


and 


rn 352 =16.7° 
m 


YF, = Foast —Tp C08; —T, cos 0, = 0 


F 


mast 


=T, cos 6, +T, cos 6, 
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Substitute numerical values and evaluate F mast: 


Fn, = (500 N)cos16.7° + (305 N )cos 28.1° = 748N 


mast 


The force that the mast exerts on the 

deck is the sum of its weight and the 

downward forces exerted on it by the 
forestay and backstay: 


94. * 


F 


mast on the deck 


= 748N +800N 


=| 1.55kN 


Picture the Problem Let m be the mass of the block and M be the mass of the chain. 
The free-body diagrams shown below display the forces acting at the locations identified 
in the problem. We can apply Newton’s 2" law with day = 0 to each of the segments of the 


chain to determine the tensions. 


(a) (b) 


(a) Apply y F,, = ma, to the block 


and solve for T,: 


Substitute numerical values and 
evaluate T,,: 


(b) Apply > F,, =a, to the block 


and half the chain and solve for T;: 


Substitute numerical values and 
evaluate T;: 


(c) Apply dF y = Ia, to the block 


and chain and solve for T;: 


(c) 


(m + |2Mz 


(m+ Mg 
T, —mg = ma, 


or, because a, = 0, 
T, =mg 


T, = (50kg)(9.81m/s? )= 


M 
i [ma =ma, 


or, because a, = 0, 


T, = [m ao 
T, =(50kg +10kg)(9.81m/s”)= 


T. —~(m+M )g =ma, 
or, because a, = 0, 


ie =(m+M)g 


Substitute numerical values and 
evaluate T;: 


*Q5 — ewe 
Picture the Problem The free-body 
diagram shows the forces acting on the 
box as the man pushes it across a 
frictionless floor. Because the force is 


time-dependent, the acceleration will be, 
too. We can obtain the acceleration as a 
function of time from the application of 


Newton’s 2" law and then find the 


velocity of the box as a function of time by 


integration. Finally, we can derive an 


expression for the displacement of the box 
as a function of time by integration of the 


velocity function. 


(a) The velocity is related to the 
acceleration according to: 


Apply > F,=ma,, to the box and 


solve for its acceleration: 


Because the box’s acceleration is a 
function of time, separate variables 
in equation (1) and integrate to find 
v as a function of time: 


Evaluate v att= 3s: 


(b) Integrate v = dx/dt between 0 
and 3 s to find the displacement of 
the box during this time: 


(c) The average velocity is given by: 


(d) Use Newton’s 2™ law to express 
the average force exerted on the box 
by the man: 


Newton’s Laws 


T. = (50kg + 20kg)(9.81m/s”) 


=| 687N 
y 
| > 
f 
F 
—xX 
mg 
dv 
—=alt if 
a a(t) (1) 
F=ma 
and 
ate (8N/s)t _ (smvs")e 
m  2A4kg 


t 


fa(cyac'= (:mvs*)fe'ae 


0 


v(t) 


2 


(jmis?)}-= (Lm/s?)e? 


v(3s)= (Lm/s?)(3s)? = 


3s 3 


Ax = [v(t')dt' = (Lmvs?) f t”? de’ 


0 
3s 
-| me) ] -[150m| 


0 


jo psooms 
At 3s 
F,, =ma,, = Pa 


257 


258 Chapter 4 


Substitute numerical values and 1.5m/s —0m/s 
evaluate F,,: PF, = (24kg}—— =|12.0N 
96 ee 


Picture the Problem The application of Newton’s 2™ law to the glider and the hanging 
weight will lead to simultaneous equations in their common acceleration a and the 
tension T in the cord that connects them. Once we know the acceleration of this system, 
we can use a constant-acceleration equation to predict how long it takes the cart to travel 


1 m from rest. Note that the magnitudes of T and T' are equal. 


(a) The free-body diagrams are shown Vy . 
to the right. m, represents the mass of E a J 
the cart and m2 the mass of the hanging r : 
weight. : | 
7 
me | mg 
x 

(b) Apply », F’, = ma, to the cart T-—mgsin@ = ma, 
and the suspended mass: and 

m,g—T =m,a, 
Letting a represent the common m, —m, sin 0 

q = 


accelerations of the two objects, 


eliminate T between the two nari 
equations and solve a: 
Substitute numerical values and 0.075kg — (0.270 kg)sin30° 
evaluate a: = 
0.075kg + 0.270 kg 


x(9.81m/s") 


- [17m 


i.e., the acceleration is down the incline. 


Substitute for a in either of the force T =| 0.863N 


equations to obtain: 


. 4 
(c) Using a constant acceleration Ax = v,At +4 a( At) 
equation, relate the displacement of 


the cart down the incline to its initial or, because Vo = 0, 


speed and acceleration: Ax = 4a(At) 
Solve for At: D 
Ag= |" 
Va 
Substitute numerical values and 2(1m) 
evaluate At: At = _|—~—, =| 1.08s 
\1.71m/s 
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Picture the Problem Note that, while the mass of the rope is distributed over its length, 
the rope and the block have a common acceleration. Because the surface is horizontal 


and smooth, the only force that influences our solution is F . The figure misrepresents 
the situation in that each segment of the rope experiences a gravitational force; the 
combined effect of which is that the rope must sag. 


(a) Apply a = F. /M,,, to the rope- 
block system to obtain: 


(b) Apply YF = mda to the rope, 
substitute the acceleration of the 


system obtained in (a), and simplify 
to obtain: 


(c) Apply iF = ma to the block, 
substitute the acceleration of the 
system obtained in (a), and simplify 
to obtain: 


(d) The rope sags and so F has both 
vertical and horizontal components; 
with its horizontal component being 
less than F. Consequently, a will be 
somewhat smaller. 


*QO8 ee 
Picture the Problem The free-body 


diagram shows the forces acting on the 


block. Choose the coordinate system 


shown on the diagram. Because the surface 
of the wedge is frictionless, the force it 
exerts on the block must be normal to its 


surface. 


(a) Apply bys y =a, to the block 


to obtain: 


II 


F, sin 30° — w = ma, 


or, because a, = 0 and w = mg, 


F, sin30°—mg = 0 


or 
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F, sin 30° = mg (1) 
Apply » F. = ma, to the block: F, cos30° = ma, (2) 
Divide equation (2) by equation (1) a, : 
to obtain: — = cot 30 

g 
Solve for and evaluate ay: a, = gcot30° = (9.81m/s")cot 30° 

=| 17.0m/s? 

(b) An acceleration of the wedge Under this condition, there would 


greater than g cot30° would require 
that the normal force exerted on the 
body by the wedge be greater than the block would accelerate up the 
that given in part (a); ie., F, > 
mg/sin30°. 


be a net force in the y direction and 


wedge. 
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Picture the Problem Because the system y 
is initially in equilibrium, it follows that Tp 
= 5mg. When one washer is removed on T 
the left side, the remaining washers will 

accelerate upward (and those on the right 

side downward) in response to the net force 

that results. The free-body diagrams show 

the forces under this unbalanced condition. 

Applying Newton’s 2" law to each 

collection of washers will allow us to 

determine both the acceleration of the 

system and the mass of a single washer. 4mg 


(a) Apply DF, = ma, to the rising T —4mg = (4m)a (1) 
masses: 


Apply SF, = ma, to the omg —T = (Sm)a (2) 


descending masses: 


Eliminate T between these equations a=tg 
to obtain: 


Use this acceleration in equation (1) 40 
or equation (2) to obtain: 9 


Express the difference between Ty 


40 
and T and solve for m: T, —T =5mg — ge =0.3N 


and 


(b) Proceed as in (a) to obtain: 


Eliminate T and solve for a: 


Eliminate a in either of the motion 
equations and solve for T to obtain: 


Substitute numerical values and 
evaluate T: 


100° 

Picture the Problem The free-body 
diagram represents the Atwood’s machine 
with N washers moved from the left side to 
the right side. Application of Newton’s 2™ 
law to each collection of washers will 
result in two equations that can be solved 
simultaneously to relate N, a, and g. The 
acceleration can then be found from the 
given data. 


Apply >» F,, = ma, to the rising 


washers: 


Apply ae = ma, to the 


descending washers: 


Add these equations to eliminate T: 


Simplify to obtain: 
Solve for N: 
Using a constant-acceleration 


equation, relate the distance the 
washers fell to their time of fall: 
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m =| 0.0550kg = 55.0¢ 


T —3mg = 3ma 

and 

5mg — T = 5ma 

a=4g =+(9.81m/s?)=| 2.45m/s” 
15 

T=—m 
ra 

T = ~ (0.0550kg)(0.81m's*) 


Oo 


(5 + N)mg 
(5 — N)mg : 


T-—(5—N)mg = (5-—N)ma 


(5 +N)mg — T= (5+ N)ma 


(5+ N )mg —(5—N mg 
=(5—N)ma+(5+ N)ma 

2Nmg =10ma 

N=5alg 

Ay =v,At+4a(At) 


or, because Vp = 0, 
1 2 
Ay =3.a(At) 
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Solve for the acceleration: 


Substitute numerical values and 
evaluate a: 


Substitute in the expression for N: 


101 ° 

Picture the Problem Draw the free-body 
diagram for the block of mass m and apply 
Newton’s 2™ law to obtain the acceleration 
of the system and then the tension in the 
rope connecting the two blocks. 


(a) Letting T be the tension in the 
connecting string, apply 


y F,, =ma,, to the block of 


mass Mm: 


Apply > F. = ma, to both blocks 


to determine the acceleration of the 
system: 


Substitute and solve for a: 


Substitute for a in the first equation 
and solve for T: 


(b) Substitute for F, and F, in the 
equation derived in part (a): 


Evaluate this expression for T = Tp 
and t= tg and solve for to: 


Fy — F, = (m+ 2m)a = (3m)a 


a= (F2 — F,)/3m 


i= 1(F, +2F) 


T = (2Ct +2C0)/3 = 4Ct/3 
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Picture the Problem Because a constant- y 
upward acceleration has the same effect as | 
an increase in the acceleration due to 

gravity, we can use the result of Problem 

89 (for the tension) with a replaced by a + 

g. The application of Newton’s 2™ law to 

the object whose mass is m2 will connect 

the acceleration of this body to tension ” 
from Problem 84. mg 


wy 


In Problem 84 it is given that, when 7 2mm, 
the support pulley is not ee oe 
accelerating, the tension in the rope 
and the acceleration of the masses 
are related according to: 


Replace a witha + g: _ 2mm, ( 


Apply >) F, = ma, to the object T — mag = map 


whose mass is mp» and solve for ap: 


Substitute for T and simplify to (m —m )g +2m.a 
obtain: =| : 


The expression for a; is the same as m, —m,)g + 2m,a 
for ay with all subscripts a, = 
interchanged (note that a positive 

value for a, represents acceleration 

upward): 
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Chapter 5 


Applications of Newton’s Laws 


Conceptual Problems 


1 ° 
Determine the Concept Because the 
objects are speeding up (accelerating), 
there must be a net force acting on them. 
The forces acting on an object are the 
normal force exerted by the floor of the 
truck, the weight of the object, and the 
friction force; also exerted by the floor of 
the truck. 


Of these forces, the only one that acts in 
the direction of the acceleration (chosen 
to be to the right in the free-body 
diagram) is the friction force. 


*? e 
Determine the Concept The forces acting 
on an object are the normal force exerted 
by the floor of the truck, the weight of the 
object, and the friction force; also exerted 
by the floor of the truck. Of these forces, 
the only one that acts in the direction of the 
acceleration (chosen to be to the right in 
the free-body diagram) is the friction force. 
Apply Newton’s 2™ law to the object to 
determine how the critical acceleration 
depends on its weight. 


Taking the positive x direction to be 
to the right, apply =F, = ma, and 
solve for ay: 


- a 
Fi —_ 
i 

W 


The force of friction between the 
object and the floor of the truck 
must be the force that causes the 


object to accelerate. 


sie a 
i 


i 


W 


S = -aw = pumg = ma, 
and 


a 


x = HS 


Because a, is independent of m and 
w, the critical accelerations are the 


same. 
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3 e 

Determine the Concept The forces acting 
on the block are the normal force F « 
exerted by the incline, the weight of the 
block mg exerted by the earth, and the 


static friction force f, exerted by an 


external agent. We can use the definition of 
Hz and the conditions for equilibrium to 
determine the relationship between 4 and 
A 


Apply >) F, = ma, to the block: fo—mgsin0 =0 (1) 
Apply dF, = ma, in the y F,-—mgcos@ = 0 (2) 
direction: 


Divide equation (1) by equation (2) tan 6 = 


to obtain: 


‘ . F 
Substitute for fi (< 14F 1): rane = Du, 


n 


and| (d) is correct. 


*4 e 
Determine the Concept The block is in 
equilibrium under the influence of F,, mg, 


and ie L.€., 


We can apply Newton’s 2™ law in the x 
direction to determine the relationship 
between f, and mg. 


Apply > = 0 to the block: fi -—mgsind =0 


Solve for f: fc =megsind 


and| (d@) is correct. 
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5 ee 
Picture the Problem The forces acting on JY 
the car as it rounds a curve of radius R at 
maximum speed are shown on the free-body 
diagram to the right. The centripetal force is 
the static friction force exerted by the 
roadway on the tires. We can apply 
Newton’s 2" law to the car to derive an 
expression for its maximum speed and then 


compare the speeds under the two friction 
conditions described. 


Apply iF = ma to the car: SF = Vege 
x s,max R 


and 


> #, =F -mg=0 
From the y equation we have: Fy, = mg 


Express f,max in terms of F,, in the x Vinax = > LQ 


equation and solve for Vinax: oe 


Vmax = COnStant 4/ L, 


bt os 
Express V,,,, for MU, = 5 L,: 


Vix = Constant , Ey = .70T Vinx 71% Vener 


and | (b) is correct. 


*6 ee 
Picture the Problem The normal reaction f 
force F, provides the centripetal force and ; 
the force of static friction, 44/,, keeps the a 
cycle from sliding down the wall. We can F 
n 
apply Newton’s 2 law and the definition —x 
Of fy max to derive an expression for Vin. 
mg 
= = 2 
Apply YF = mad to the motorcycle: y F=aF= rae 
x n R 
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>», = f,—mg=0 
For the minimum speed: Ss =Semax = MeFn 
Substitute for f, eliminate F,, Rg 
between the force equations, and Yimin ~ ae 
solve for Vinin: 
Assume that R = 6 m and 4, = 0.8 (6 m)(9.81m/s?) 
and solve for Vin: Yimin = 0.8 


=| 8.58m/s=30.9km/h 


7 ee 
Determine the Concept As the spring is extended, the force exerted by the spring on the 
block increases. Once that force is greater than the maximum value of the force of static 
friction on the block, the block will begin to move. However, as it accelerates, it will 
shorten the length of the spring, decreasing the force that the spring exerts on the block. 
As this happens, the force of kinetic friction can then slow the block to a stop, which starts 
the cycle over again. One interesting application of this to the real world is the bowing of 
a violin string: The string under tension acts like the spring, while the bow acts as the 
block, so as the bow is dragged across the string, the string periodically sticks and frees 
itself from the bow. 


8 ° 
True. The velocity of an object moving in a circle is continually changing independently 
of whether the object’s speed is changing. The change in the velocity vector and the 
acceleration vector and the net force acting on the object all point toward the center of 
circle. This center-pointing force is called a centripetal force. 


9 ° 
Determine the Concept A particle traveling in a vertical circle experiences a downward 
gravitational force plus an additional force that constrains it to move along a circular path. 
Because the net force acting on the particle will vary with location along its trajectory, 
neither (5), (c), nor (d) can be correct. Because the velocity of a particle moving along a 


circular path is continually changing, (a) cannot be correct. | (e) is correct. 


*10 ° 

Determine the Concept We can analyze these demonstrations by drawing force diagrams 
for each situation. In both diagrams, h denotes "hand”, g denotes “gravitational”, m 
denotes "magnetic”, and n denotes “normal”. 
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(a) Demonstration 1: Demonstration 2: 


(b) Because the magnet doesn’t lift the iron in the first demonstration, the force exerted on 
the iron must be less than its (the iron’s) weight. This is still true when the two are falling, 
but the motion of the iron is not restrained by the table, and the motion of the magnet is 
not restrained by the hand. Looking at the second diagram, the net force pulling the 
magnet down is greater than its weight, implying that its acceleration is greater than g. 
The opposite is true for the iron: the magnetic force acts upwards, slowing it down, so its 
acceleration will be less than g. Because of this, the magnet will catch up to the iron piece 
as they fall. 


on i 

Picture the Problem The free-body 
diagrams show the forces acting on the two 
objects some time after block 2 is dropped. 


Note that, while T, x T T, =Th. 


es 
svt 
au 
oY 


—- - 
mg mg 


The only force pulling block 2 to the left is the horizontal component of the tension. 
Because this force is smaller than the magnitude of the tension, the acceleration of block 
1, which is identical to block 2, to the right (7; = 7) will always be greater than the 
acceleration of block 2 to the left. 


Because the initial distance from block 1 to the pulley is the same as the initial 
distance of block 2 to the wall, block 1 will hit the pulley before block 2 hits 
the wall. 


12 
True. The terminal speed of an object is given by v, = (mg / b)! ", where b depends on the 


shape and area of the falling object as well as upon the properties of the medium in which 
the object is falling. 


13. 
Determine the Concept The terminal speed of a sky diver is given by v, = (mg / b)! _ 


where 5 depends on the shape and area of the falling object as well as upon the properties 
of the medium in which the object is falling. The sky diver’s orientation as she falls 
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determines the surface area she presents to the air molecules that must be pushed aside. 
(d) is correct. 


14. 
Determine the Concept In your frame of 

reference (the accelerating reference frame / 
of the car), the direction of the force must y 
point toward the center of the circular path 
along which you are traveling; that is, in 
the direction of the centripetal force that 
keeps you moving ina circle. The friction 
between you and the seat you are sitting on 
supplies this force. The reason you seem 
to be "pushed" to the outside of the curve is 
that your body’s inertia "wants" , in 
accordance with Newton’s law of inertia, 
to keep it moving in a straight line—that is, 
tangent to the curve. 


— 


“15 * 

Determine the Concept The centripetal force that keeps the moon in its orbit around the 
earth is provided by the gravitational force the earth exerts on the moon. As described by 
Newton’s 3™ law, this force is equal in magnitude to the force the moon exerts on the 


earth. | (d) 1s correct. 


16 

Determine the Concept The only forces acting on the block are its weight and the force 
the surface exerts on it. Because the loop-the-loop surface is frictionless, the force it exerts 
on the block must be perpendicular to its surface. 


Point A: the weight is downward Free-body diagram 3 
and the normal force is to the right. 


Point B: the weight is downward, Free-body diagram 4 
the normal force is upward, and the 

normal force is greater than the 

weight so that their difference is the 

centripetal force. 


Point C: the weight is downward and Free-body diagram 5 
the normal force is to the left. 


Point D: both the weight and the Free-body diagram 2 
normal forces are downward. 
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Picture the Problem Assume that the drag force on an object is given by the Newtonian 


formula /, = 1CApv’, where A is the projected surface area, v is the object’s speed, o 
is the density of air, and C a dimensionless coefficient. 


Express the net force acting on the F. =mg—F,=ma 
falling object: 
Substitute for F’p under terminal mg—-4CA pvr (0) 


speed conditions and solve for the ee 
terminal speed: 
Vv ——_———— 
i. CAp 
Thus, the terminal velocity depends on the 
ratio of the mass of the object to its surface 
area. 


For a rock, which has a relatively small surface area compared to its mass, the terminal 
speed will be relatively high; for a lightweight, spread-out object like a feather, the 
opposite is true. 


Another issue is that the higher the terminal velocity is, the longer it takes for a falling 
object to reach terminal velocity. From this, the feather will reach its terminal velocity 
quickly, and fall at an almost constant speed very soon after being dropped; a rock, if not 
dropped from a great height, will have almost the same acceleration as if it were in free- 
fall for the duration of its fall, and thus be continually speeding up as it falls. 


An interesting point is that the average drag force acting on the rock will be larger than 
that acting on the feather precisely because the rock’s average speed is larger than the 
feather's, as the drag force increases as v’. This is another reminder that force is not the 
same thing as acceleration. 


Estimation and Approximation 


*18 
Picture the Problem The free-body y 
diagram shows the forces on the Tercel as it | 
slows from 60 to 55 mph. We can use 
Newton’s 2™ law to calculate the average 
force from the rate at which the car’s speed F 
decreases and the rolling force from its 
definition. The drag force can be inferred 
from the average and rolling friction forces 
and the drag coefficient from the defining 
equation for the drag force. 


+ 


rolling 


(a) Apply dF, = ma,, to the car to relate F ii Av 


. 4 . av av 
the average force acting on it to its average At 
velocity: 
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Substitute numerical values and evaluate F,,: 


ee ee 


F, = (1020 kg) ——_Pu_S0008 _Xn 2 
92s 


(6) Using its definition, express and 7. citing = Hattingen = Hrotting MZ 
evaluate the force of rolling friction: (0 02) ( 020k 6 81 m/ °) 
= (0. g)9. S 


- [2003] 


Assuming that only two forces are | es ee F siting 
acting on the car in the direction of aad ° 
its motion, express their relationship F.=F -F 
and solve for and evaluate the drag drag ~ “av © rolling 
One = 581N-200N =| 381N 
(c) Convert 57.5 mi/h to m/s: i i 1.609km 
§15 225] 5 ee 
h h mi 
lh 10°m 
x x 
3600s km 
= 25.7m/s 


Using the definition of the drag ‘ - 
force and its calculated value from Fes =1Cp Av => C=—— 


2 
(b) and the average speed of the car p Av 
during this 5 mph interval, solve for 
C: 
Substitute numerical values and 7 2(38 1 N) 
evel (1.21kg/m*)(1.91m?)(25.7 m/s) 
=| 0.499 
19 «= 


Picture the Problem We can use the dimensions of force and velocity to determine the 
dimensions of the constant b and the dimensions of p, 7, and v to show that, for n = 2, 
Newton’s expression is consistent dimensionally with our result from part (5). In parts (d) 
and (e), we can apply Newton’s 2™ law under terminal velocity conditions to find the 
terminal velocity of the sky diver near the surface of the earth and at a height of 8 km. 


(a) Solve the drag force equation for b Fy 
bwithn= 1: v 
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Substitute the dimensions of Fg and ML 

v and simplify to obtain: [>] =~ i ms M 
L T 
T 


and the units of b are 


(b) Solve the drag force equation for Be Fy 
b with n = 2: v 
Substitute the dimensions of Fg and ML 
v and simplify to obtain: [>] een & z = 
Ey lL 
T 
and the units of b are 
(c) Express the dimensions of : a8 M Pie 8 - 
Newton’s expression: Fe] ae l ae | rrr (Z) T 
ML 

= ra 

From part (b) we have: MY LY 
[F, |= lov? |= —]|— 
LAT 
ML 

= rio 
(d) Letting the downward direction mg —+ pmrv; = 
be the positive y direction, apply 
aoe y = ma, to the sky diver: 
Solve for and evaluate v,: 7 2mg _ 2(56kg) 9.81m/s2 

‘ prr x(1.2kg/m*)(0.3 my 
=| 56.9m/s 
(e) Evaluate v, at a height of 8 km: oe 2(56kg)(9.81 m/s’) 
‘ \x{0.514kg/m* )(0.3m) 
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Picture the Problem From Newton’s 2™ law, the equation describing the motion of 
falling raindrops and large hailstones is mg — Fy = ma where F, = 4 pz ry = by’ is the 
drag force. Under terminal speed conditions (a = 0), the drag force is equal to the weight 
of the falling object. Take the radius of a raindrop 7, to be 0.5 mm and the radius of a 
golf-ball sized hailstone 7, to be 2 cm. 


Using b = +29 r’ , evaluate b, and by: i= irl 2kg/m* lo.s x107 m) 


Express the mass of a sphere in 
terms of its volume and density: 


Using p, = 10° kg/m? and p, = 920 
kg/m? , evaluate m, and my: 


Express the relationship between v, 
and the weight of a falling object 
under terminal speed conditions and 
solve for 14: 


Use numerical values to evaluate v,,, 
and Vin: 


=4.71x10' kg/m 

and 

b, = irl 2kg/m° \2 “107 m) 
= 7.54x10™ kg/m 


= Arr’ p 


m= pV 3 


_ 4n(0.5x107 m) (10° kg/m’) 
3 

=5.24x107 kg 

and 

_ 42(2x107 m) (920kg/m*) 

= 
3 
=3.08x 107 kg 


by; =mg>v, = = 


— {S248 shoal 
= 4.71x10' kg/m 


- [3.30mi] 


and 


, _ |B.08x10 kg)(9.81mvs") 
_ 7.54x 107 kg/m 


Friction 


*21 ° 
Picture the Problem The block is in 


equilibrium under the influence of F - 


mg, and f,; ie., 


F,+mg+ f,=0 


We can apply Newton’s 2™ law to 


determine the relationship between fi, 8 


and mg. 


Using its definition, express the 
coefficient of kinetic friction: 


Apply yea = ma,, to the block: 
Solve for fi: 
Apply > F, = ma, to the block: 
Solve for F: 


Substitute in equation (1) to obtain: 


22 
Picture the Problem The block is in 


equilibrium under the influence of F es 


mg, F.,,, and f,; ie., 


F,+mg+ F,,,+ f,=0 


We can apply Newton’s 2” law to 
determine /,. 


Apply DF, = ma, to the block: 


Solve for fi: 


Applications of Newton’s Laws 


Mh, = = (1) 


Jc — mgsin@ = ma, = 0 because a, = 0 


fx = mgsind 


F’,— mgcos@ = ma, = 0 because a, = 0 


F, = mgcos0 


mg sin 8 er. 


mg cos @ 


and | (b) is correct. 


Fapp — fx = may = 0 because a, = 0 


f= Fagg = 20 N 


and | (e) is correct. 


219 
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Picture the Problem Whether the friction nd 
force is that due to static friction or kinetic > 
friction depends on whether the applied 
tension is greater than the maximum static f 
friction force. We can apply the definition << —x 
of the maximum static friction to decide 
whether fi max or 7 is greater. 


= 


Calculate the maximum static Fomax = Usl'n = Lew = (0.8)(20 N) = 16 N 


friction force: 


(a) Because fi max > T: f=fh=T =|15.0N 


(b) Because T> fi max: f=hc= tw = (0.6)(20 N) =| 12.0N 
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Picture the Problem The block is in | 

equilibrium under the influence of the | 
| 


forces T, f,, and mg; i.e., iN 3 
Le. ih A Jk 
T +f, +mg =0 aiaraie 


We can apply Newton’s 2" law to 
determine the relationship between 7 and 


tk: mg 


Apply > = ma.,, to the block: T cos0— f, = ma, = 0 because a, = 0 


Solve for fx: Jc = T cos@ and 


25° 

Picture the Problem Whether the friction ‘ 
force is that due to static friction or kinetic F, 
friction depends on whether the applied F 
tension is greater than the maximum static —_— 


friction force. 


Calculate the maximum static Fixece = Fn = JW 


friction force: 


Because fi max > Fapp, the box does 
not move and : 
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Picture the Problem Because the box is 
moving with constant velocity, its 
acceleration is zero and it is in equilibrium 


under the influence of F 


app? f'n» W, and 
f; 1.€., 
F,,,+F,+w+ f =0 
We can apply Newton’s 2” law to 
determine the relationship between f and 


mg. 


The definition of s% is: 


Apply ee = ma, to the box: 
Solve for F;: 


Apply SF ; =ma,, to the box: 
Solve for fi: 


Substitute to obtain py: 
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Picture the Problem Assume that the car 
is traveling to the right and let the positive 
x direction also be to the right. We can use 
Newton’s 2" law of motion and the 
definition of 44, to determine the maximum 
acceleration of the car. Once we know the 
car’s maximum acceleration, we can use a 
constant-acceleration equation to determine 
the least stopping distance. 
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= (0.6)(100 kg)(9.81 m/s”) 
=589N 


500N 


Ppp =f = 


= 


Fi, — w = ma, = 0 because a, = 0 


F, = w=600N 


LF, = Fapp — f = ma, = 0 because a, = 0 


F=f =250N 


Lx = (250 N)/(600 N) = | 0.417 
y 
| 
1 
Is 
——-x 


= 
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(a) Apply DE, = ma, to the car: Sfemax = Us) = max (1) 
Apply > F, = ma, to the car and F, —w=ma,=0 
salvation Be or, because a, = 0, 
F,=mg (2) 

Substitute (2) in (1) and solve for Ax max = LZ = (0.6)(9.81 m/s”) 
cones: = | —5.89 m/s’ 
(b) Using a constant-acceleration v= vy + 2aAx 
equation, relate the stopping or. because v=0 
distance of the car to its initial _y? 

kes: 
velocity and its acceleration and a4 


solve for its displacement: 


Substitute numerical values and —(30 m/s)’ 

evaluate Ax: a A-5.89 m/s?) _ 76.4 | 
*28  ° 

Picture the Problem The free-body y 


diagram shows the forces acting on the | 
drive wheels, the ones we’re assuming 
support half the weight of the car. We can 
use the definition of acceleration and apply 
Newton’s 2™ law to the horizontal and 
vertical components of the forces to 
determine the minimum coefficient of 
friction between the road and the tires. 


lame 


(a) | Because uu, > ,, f will be greater if the wheels do not slip. 


(6) Apply DF, = ma, to the car: Se = UsFn = may (1) 
Apply >», = ma, to the car and F, —4mg = ma, 
solve for Fy: Because a, = 0, 


Find the acceleration of the car: j Av _ (90km/h)(1000 m/km) 


eM 12s 
= 2.08m/s” 
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Solve equation (1) for ss: ma, _ 2a, 


Substitute numerical values and _ 2(2.08 m/s? ] _[ 0.424 


evaluate a,: ae 9.81m/s* 
29 
Picture the Problem The block is in y 
equilibrium under the influence of the - 
forces shown on the free-body diagram. Js 
We can use Newton’s 2™ law and the F 
definition of 4, to solve for f; and F;,. ‘ 100 N = 
mg 
(a) Apply dF, = ma, to the block J, —mg =a, 
and solve for f;: or, because a, = 0, 
f,-mg =0 
Solve for and evaluate f;: f.=mg =(5 kg\(9.81m/s") 
=| 49.1N 

(5) Use the definition of 4, to oe Jae 
express F;: : Hs 

i i 49.1N 
Substitute numerical values and P= 9 -1123N 
evaluate Fy: 0.4 
30. 
Picture the Problem The free-body 
diagram shows the forces acting on the ~ 
book. The normal force is the net force the HOF, min 


student exerts in squeezing the book. Let 

the horizontal direction be the x direction 

and upward the y direction. Note that the 

normal force is the same on either side of _. 
the book because it is not accelerating in Fy min 
the horizontal direction. The book could be 

accelerating downward. We can apply 

Newton’s 2™ law to relate the minimum 

force required to hold the book in place to 

its mass and to the coefficients of static 

friction. In part (b), we can proceed 

similarly to relate the acceleration of the 
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book to the coefficients of kinetic friction. 


(a) Apply > F =m to the book: 


' 


Noting that F,.;, = F5 min» Solve the 


smin 2,min ? 


y equation for F\nin: 


Substitute numerical values and 
evaluate F'min: 


(b) Apply >) F,, = ma, with the 


book accelerating downward, to 
obtain: 


Solve for a to obtain: 


Substitute numerical values and 
evaluate a: 
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Picture the Problem A free-body diagram 
showing the forces acting on the car is 
shown to the right. The friction force that 
the ground exerts on the tires is the force f, 
shown acting up the incline. We can use 
the definition of the coefficient of static 
friction and Newton’s 2™ law to relate the 
angle of the incline to the forces acting on 
the car. 


Apply >» F = mG to the car: 


Solve equation (1) for f, and 
equation (2) for F,,: 


pay 7 Fini ~ rarer =0 


paras = a ee + ae ae = mg = 0 
= My + Me» 
2 
- (10.2kg)9.81m/s?) _ ee 
0.32+0.16 


DF, = Mya P + yk —mg = ma 


ye My + Mer Poy 
m 
2027 0M (os) 0 Stas 
10.2kg 


- [ara] 


> F, = f, —mg sind =0 (1) 
and 

> F, =F, —mgcos0 =0 (2) 
ft, =mg sind 


and 


Use the definition of yu, to relate f, 
and F;,: 


Solve for and evaluate 0: 
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Picture the Problem The free-body 
diagrams for the two methods are shown to 
the right. Method | results in the box being 
pushed into the floor, increasing the normal 
force and the static friction force. Method 2 
partially lifts the box,, reducing the normal 
force and the static friction force. We can 
apply Newton’s 2" law to obtain 
expressions that relate the maximum static 


friction force to the applied force F. 
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F. =mgcosé 
ML, _f, _mgsin? _ ig 
F. mgcosé 


6 = tan '(w,)= tan '(0.08)=| 4.57° 


gq * =o 
” f 
F 
mg mg 


Method | Method 2 


(a) | Method 2 is preferable as it reduces F’ and, therefore, f, 


(b) Apply WF, = ma, to the box: 


Method 1: Apply > Fs = ma, to 
the block and solve for F;: 


Relate fomax to Fx: 


Method 2: Apply dF, = ma, to 


the forces in the y direction and 
solve for Fy: 


Relate fi max to Fy: 
Express the condition that must be 
satisfied to move the box by either 


method: 


Method 1: Substitute (1) in (3) and 
solve for F: 


F cos0-—f, = Fcos0 


LsFn = 0 


F,—mg — Fsin@ =0 
.. F,= mg + Fsin@ 


Kamax = UsF n= (mg + Fsin@) (1) 
F,—mg + Fsin@ =0 

and 

F, = mg — Fsin@ 

famax = UsF n= L(g — Fsin 8) (2) 
Famax = Foos@ (3) 


cos@ — uu, sin@ 
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Method 2: Substitute (2) in (3) and 
solve for F: 


Evaluate equations (4) and (5) with 
6= 30°: 


Evaluate (4) and (5) with 0= 0°: 


33°00 


Picture the Problem Draw a free-body 
diagram for each object. In the absence of 
friction, the 3-kg box will move to the 
right, and the 2-kg box will move down. 


The friction force is indicated by f without 
subscript; it is f. for (a) and f, for (6). For 


values of yz, less than the value found in 
part (a) required for equilibrium, the system 
will accelerate and the fall time for a given 
distance can be found using a constant- 


acceleration equation. 


(a) Apply > E. = ma, to the 3-kg 


box: 


Apply LF y = ma, to the 3-kg box, 


solve for F,3, and substitute in (1): 


Apply dF, = ma, to the 2-kg box: 


Solve (2) and (3) simultaneously 
and solve for 4: 


(b) The time of fall is related to the 
acceleration, which is constant: 


Solve for At: 


aT Tae 
cos + u.sind 


T—f, = 0 because a, = 0 


F,3 — m3g = 0 because a, = 0 


and 


mg 


T- Lg mg = 0 


mg — T = 0 because a, = 0 


Ax =v,At++ta(aty 


(5) 


294N 


=| 0.667 


or, because vo =0, 
Ax =4a(At)’ 


(2) 


(3) 
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Apply DF = ma, to each box: T- Lk m3g = m3a (5) 
and 
mg —T = moa (6) 
Add equations (5) and (6) and solve fs (m, — AM, )g 
for a: m, +M, 
Substitute numerical values and ke [2 kg- 0.3(3 kg)| (9.8 1m/s* ) 
evaluate a: 7 2kg+3kg 
=| 2.16m/s’ 
Substitute numerical values in equation (4) 2(2m 
and evaluate Af: ae | 2.16m/s2 
34. ee 


Picture the Problem The application of Newton’s 2™ law to the block will allow us to 
express the coefficient of kinetic friction in terms of the acceleration of the block. We can 
then use a constant-acceleration equation to determine the block’s acceleration. The 
pictorial representation summarizes what we know about the motion. 


ty =0 i=? 


A free-body diagram showing the 


y 

| 
forces acting on the block is shown I" 
to the right. j 

<—_- -x 
mg 

Apply DF, = ma, to the block: —fi =-14F', = ma (1) 
Apply ya = ma, to the block and F,,— mg = 0 because a, = 0 


and 
FP, = mg (2) 


solve for F;: 
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Substitute (2) in (1) and solve for x: 


Using a constant-acceleration 
equation, relate the initial and final 
velocities of the block to its 
displacement and acceleration: 


Solve for a to obtain: 


Substitute for a in equation (3) to 
obtain: 


#35 oe 
Picture the Problem We can find the 
speed of the system when it has moved a 
given distance by using a constant- 
acceleration equation. Under the influence 
of the forces shown in the free-body 
diagrams, the blocks will have a common 
acceleration a. The application of 
Newton’s 2™ law to each block, followed 
by the elimination of the tension 7 and the 
use of the definition of ff, will allow us to 
determine the acceleration of the system. 


Using a constant-acceleration 
equation, relate the speed of the 
system to its acceleration and 
displacement; solve for its speed: 


Apply F,,, = md to the block whose 


mass is ™: 


Using fi = 44/",, Substitute (3) in (2) 
to obtain: 


Apply DF, = ma, to the block 


whose mass is 712: 


Add the last two equations to 
eliminate T and solve for a to 


He = —alg 


Vv, =v, + 2aAx 


(3) 


or, because v; = 0, vo = v, and Ax =d, 


O=v’ +2ad 
a= 
2d 
2 
_ Vv 
My Qed 


v =v +2aAx 


and, because vp = 0, 


y=~2aAx 


XP, = T—f, —migsin30° = mya 
and 
Xf’, = Fa — migcos30° = 0 


ol 


(1) 


(2) 


(3) 


T— mg cos30° — m,gsin30° = ma 


mog — T = moa 


a= 
m +m, 


(m, — l,m, cos30° — m, sin 30°)g 
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obtain: 


Substitute numerical values and a =1.16m/s* 
evaluate a: 


Substitute numerical values in ,= [a(t -16m/s2 \(0.3 m) = 0.835m/s 


equation (1) and evaluate v: 


and | (a) is correct. 


36 ee 
Picture the Problem Under the influence 
of the forces shown in the free-body 
diagrams, the blocks are in static 
equilibrium. While f, can be either up or 
down the incline, the free-body diagram 
shows the situation in which motion is 
impending up the incline. The application 
of Newton’s 2™ law to each block, 
followed by the elimination of the tension 
T and the use of the definition of f, will 
allow us to determine the range of values 
for mp. 


ol 


(a) Apply iF = md to the block LF, =T+ femax— migsin30° = 0 (1) 
and 
LF), = Fai — mygcos30° = 0 (2) 


whose mass is 1: 


Using fimax = HsF'n, Substitute (2) in P+ p,m,g cos 30° 3) 
(1) to obtain: —mgZ sin 30° = ma 
Apply ys = ma, to the block mg —T=0 (4) 


whose mass is 712: 


Add equations (3) and (4) to m, =m, (+ H, cos 30° + sin30°) : 
eliminate 7 and solve for my: =(4kg)[+ (0.4)cos30° + sin 30°| -) 


Evaluate (5) denoting the value of m,,, =3.39kg and m,_ =0.614kg 


m> with the plus sign as M2,+ and the -10 614kg <m. <3 39kg 
J) Q, Sm, $5. 


value of m, with the minus sign as 


m ,. to determine the range of values 
of m, for which the system is in 
static equilibrium: 
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(b) With mz = 1 kg, the impending 
motion is down the incline and the 
static friction force is up the incline. 
Apply ee = ma, to the block 


whose mass is ™: 


Apply DF, = ma, to the block 


whose mass is 9: 


Add equations (6) and (7) and solve 
for and evaluate f;: 


37. ee 
Picture the Problem Under the influence 
of the forces shown in the free-body 
diagrams, the blocks will have a common 
acceleration a. The application of 
Newton’s 2™ law to each block, followed 
by the elimination of the tension 7 and the 
use of the definition of ff, will allow us to 
determine the acceleration of the system. 
Finally, we can substitute for the tension in 
either of the motion equations to determine 
the acceleration of the masses. 


Apply iF = m@ to the block 


whose mass is 1: 


Using fi = in, Substitute (2) in (1) 
to obtain: 


Apply »F, = ma,, to the block 


whose mass is 12: 


Add equations (3) and (4) to 
eliminate T and solve for a to 
obtain: 

Substituting numerical values and 
evaluating a yields: 


T+ f,—m,gsin30° = 0 (6) 
mg —T =0 (7) 
fs = (msin30° — m2)g 
= [(4 kg)sin30° — 1 kg](9.81 m/s”) 
=| 9.81N 
‘i 
mk 
| 
x 
LF, = T— fe —migsin30° =mya_— (1) 
and 
XF), = Fn — m)gcos30° = 0 (2) 
T — 44,m,g cos 30° @) 
—mg sin30° = ma 
mg — T = moa (4) 


(m, — Lm, cos 30° — m, sin 30°)g 


a= 
m +m, 


a =| 2.36 m/s’ 
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Substitute for a in equation (3) to T =| 37.3N 


obtain: 


*3Q ce 
Picture the Problem The truck will stop in y 

the shortest possible distance when its | 
acceleration is a maximum. The maximum EF 
acceleration is, in turn, determined by the " 
maximum value of the static friction force. = 

The free-body diagram shows the forces Tre sae 

acting on the box as the truck brakes to a —-—x 
stop. Assume that the truck is moving in 

the positive x direction and apply Newton’s 

2™ Jaw and the definition of fsmax to find 


the shortest stopping distance. mg 
Using a constant-acceleration v? =v + 2aAx 
equation, relate the truck’s stopping or, since v = 0, 
distance to its acceleration and 5 
initial velocity; solve for the AX in = ae 
stopping distance: 2A ox 
Apply F,,, = ma to the block: LF, = — femax = MQamax (1) 
and 
Lf =f, —nie=0 (2) 
Using the definition of fax, solve Fomax = Hela 
equations (1) and (2) simultaneously and 
for a: Amex = —Lkg = — (0.3)(9.81 m/s’) 
=-2.943 m/s” 
Substitute numerical values and evaluate AXimin: 
a nel 24 2 
Be (80 km/h)’ (1000 km/m)’(1h/3600s)° _ ae 


“ 2(— 2.943 mis”) 
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Picture the Problem We can find the 
coefficient of friction by applying 
Newton’s 2™ law and determining the 
acceleration from the given values of 
displacement and initial velocity. We can 
find the displacement and speed of the 
block by using constant-acceleration 
equations. During its motion up the incline, 
the sum of the kinetic friction force and a 
component of the object’s weight will 
combine to bring the object to rest. When it 
is moving down the incline, the difference 
between the weight component and the 
friction force will be the net force. 


(a) Draw a free-body diagram for 
the block as it travels up the incline: 


Apply >F = md to the block: 


Substitute f, = 4F', and F, from (2) 
in (1) and solve for sx: 


Using a constant-acceleration 
equation, relate the final velocity of 
the block to its initial velocity, 


acceleration, and displacement: 


Solving for a yields: 


Substitute numerical values and 
evaluate a: 


ty =? 


x,;=8m 
v, = 5.2 
Z 
fy =0 
Xp = 0 
Vo = 14% 
» 
Fi Po 
\ 
37° 
e \ 
mg 
XP, =—f, — mgsin37°= ma (1) 
and 
xf, = Fa — mg cos37° = 0 (2) 
_—gsin37°—a 
———_——— 
gcos37° 
7 (3) 
= —tan37° -————__ 
gcos37° 
vy; =v, + 2aAx 
_ wav 
2Ax 
2m/s) —(1 : 
q - 62ms) —(l4mis)’ _ _ 19 6s? 


2(8m) 


Substitute for a in (3) to obtain: 


(b) Use the same constant- 
acceleration equation used above but 
with vy, = 0 to obtain: 


Solve for Ax to obtain: 


Substitute numerical values and 
evaluate Ax: 


(c) When the block slides down the 
incline, f, is in the positive x 
direction: 


Applications of Newton’s Laws 289 


_ 2 
uy =—tan37? 10.6m/s 


(9.81m/s? os37° 


[39] 


0=Vv +2aAx 


9.25m 


XP. = fe — mgsin37°= ma 
and 
LF, = F,—mgcos37° = 0 


Solve for a as in part (a): a = g(u, cos37° —sin37°) = —1.21 m/s? 


Use the same constant-acceleration vy =v. +2aAx 
0 


equation used in part (b) to obtain: 


Set vo = 0 and solve for v: v= V2aAx 


Substitute numerical values and 


v= /2(-1.21m/s?)(—9.25m) 


evaluate v: 


40 ee 
Picture the Problem We can find the stopping distances by applying Newton’s 2” law 
to the automobile and then using a constant-acceleration equation. The friction force the 
road exerts on the tires and the component of the car’s weight along the incline combine 
to provide the net force that stops the car. The pictorial representation summarizes what 
we know about the motion of the car. We can use Newton’s 2™ law to determine the 
acceleration of the car and a constant-acceleration equation to obtain its stopping 
distance. 
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ty =0 
Xp =0 
Vo = 30 Ys 


(a) Using a constant-acceleration 
equation, relate the final speed of 
the car to its initial speed, 
acceleration, and displacement; 
solve for its displacement: 


Draw the free-body diagram for the 
car going up the incline: 


Apply YF = ma to the car: 


Substitute fo max = (s/n and F’, from 
(2) in (1) and solve for a: 


Substitute numerical values in the 
expression for Axmin to obtain: 


(6) Draw the free-body diagram for 
the car going down the incline: 


Vp = Vo + 2A nap AX 


max min 


or, because v, = 0, 


2 
_ —Yo 


mg 

XF, = —femax — mgsin15° = ma (1) 
and 

XF,, = F, — mgcos15° = 0 (2) 


Qsmax = —o(u, cos15°+ sin 15°) 
=-9.17 m/s* 


—(30m/s) 
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Apply iF = mda to the car: LF = fsmax — mgsin15° = ma 
and 
LF), = F, —mgcos15° = 0 


Ap = E(u, COS15° —sin15°) = 4.09 m/s” 


max 


Proceed as in (a) to obtain ana: 


Again, proceed as in (a) to obtain the -V 


2a 


max 


displacement of the car: min 


_ GBOm/sy _ 
sree 


Al 

Picture the Problem The friction force the road exerts on the tires provides the net force 
that accelerates the car. The pictorial representation summarizes what we know about the 
motion of the car. We can use Newton’s 2™ law to determine the acceleration of the car 
and a constant-acceleration equation to calculate how long it takes it to reach 100 km/h. 


vg =0 v, = 100 k™/n 


(a) Because 40% of the car’s weight 

is on its two drive wheels and the 

accelerating friction forces act just 

on these wheels, the free-body a 
diagram shows just the forces acting 


on the drive wheels. 


Apply > F = m4 to the car: LF, = fomax = ma (1) 
and 
EF, = F,—0.4mge=0 (2) 


Use the definition of fomax in 
equation (1) and eliminate F, 
between the two equations to obtain: 


(6) Using a constant-acceleration 
equation, relate the initial and final 


a =0.4u,g =0.4(0.7)(9.81 m/s”) 


- [ETE 


Vv, =V> + aAt 
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velocities of the car to its or, because vo = 0 and At = ft, 
acceleration and the elapsed time; 7 vy 

‘ 
solve for the time: a 


Substitute numerical values and evaluate 1): 


ee (100 km/h)(1h/3600s)(1000m/km) _ ion: 
2.75 m/s” 
*42 ee 
Picture the Problem To hold the box in y 
place, the acceleration of the cart and box P.. 
must be great enough so that the static a 
friction force acting on the box will equal F, 


the weight of the box. We can use cai, came aia 
Newton’s 2™ law to determine the 
minimum acceleration required. 


me 
(a) Apply iF = m4 to the box: LP, = Fy = MAmin (1) 
and 
xP, = femax aad mg = 0 (2) 
Substitute WF for fomax in equation LF —mg=0, “ma,,;,) —mg =9 
(2), eliminate F,, between the two and 
equations and solve for and evaluate g — 9.81m/s? 2 
Qa. =f = _=| 16.4m/s 
ie me gg 7 Lois? | 
(6) Solve equation (2) for fi max, and Semax = Mg 
substitute numerical values and = (2kg)(9.81 m/s’) = | 19.6N 
evaluate fi max: 
(c) If a is twice that required to hold foamax =| 19.6N 


the box in place, f; will still have its 
maximum value given by: 


(d) | Because g/ yu, is a,,;,, the box will not fallif a > g/y,. 


min? 


43 ee 

Picture the Problem Note that the blocks have a common acceleration and that 
the tension in the string acts on both blocks in accordance with Newton’s third 
law of motion. Let down the incline be the positive x direction. Draw the free- 
body diagrams for each block and apply Newton’s second law of motion and the 
definition of the kinetic friction force to each block to obtain simultaneous 


equations in a, and 7. 


Draw the free-body diagram for the 
block whose mass is m1: 


Apply > F = ma to the upper block: 


The relationship between f,,; and F,,; 
is: 


Eliminate f,,; and F;,; between (1), 
(2), and (3) to obtain: 


Draw the free-body diagram for the 
block whose mass 1s my: 


Apply > F = ma to the block: 


The relationship between f,.. and 
Fy Is: 


Eliminate f,.. and F,2 between (5), 
(6), and (7) to obtain: 
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LF, =f + T, + migsind =ma, (1) 
and 
LF, = Fy1 —migcosé = 0 (2) 


Sic = MeFi (3) 


—Lkmgcos@ + T, a mygsin@ =mM ay (4) 


LF, = —fe2 — Tr + mgsinO= ma, (5) 
and 
LF, = Fy2—m2gcos0 = 0 (6) 


Ku2 = Mok n,2 (7) 


—L2mogcos@ — T, + mgsinOd =mpa, (8) 
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Noting that 7, = T,= T, add HM, + [My 


equations (4) and (8) to eliminate T - m, +m, 
and solve for a,: 


Substitute numerical values and a. =| —0.965m/s* | where the minus 


x 


evaluate a, to obtain: : wo tee 
* sign tells us that the acceleration is directed 


up the incline. 


(b) Eliminate a, between equations _ mm, (ui, ~My eg cos0 


T 
(4) and (8) and solve for T= T, = T> m, +m, 
to obtain: 
Substitute numerical values and T =| 0.184N 
evaluate 7: 
7 


Picture the Problem The free-body y 
diagram shows the forces acting on the 
two blocks as they slide down the 
incline. Down the incline has been 
chosen as the positive x direction. T is 
the force transmitted by the stick; it can 


; 
be either tensile (7 > 0) or compressive F 5 
(T <0). By applying Newton’s 2” law 
to these blocks, we can obtain equations 
in T and a from which we can eliminate lag 
either by solving them simultaneously. 
Once we have expressed 7, the role of 
the stick will become apparent. mg 
(a) Apply YF = m4 to block 1: > F, =T,+megsind— f,,=ma 
and 
pe = F,,-mgcos@=0 
Apply YF = ma to block 2: ve =m,gsinOd—T, — f,, =m,a 
and 
> F, = F,, —m,g cos 6 = 0 
Letting 7, = T, = T, use the ma=mgsin0+T—p,m,gcos0 (1) 


definition of the kinetic friction 
force to eliminate f,; and Fi, 
between the equations for block 1 
and f,.2 and F,,; between the 
equations for block 2 to obtain: 


and 
m,a=m,gsinO—-T-—pu,m,gcos@ (2) 
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Add equations (1) and (2) to 
eliminate 7 and solve for a: a=| g| sin0 Hm F Hal cosa 
m, +m, 


(6) Rewrite equations (1) and (2) by . T 
dividing both sides of (1) by m and Be eee dhe Ose (3) 
both sides of (2) by m to obtain. : 


and 
; T 
a=gsin@ -—— ug c0s0 (4) 
mM, 
Subtracting (4) from (3) and ia 
rearranging yields: T= V2 (uw, — wu, )gcosO 
IMhy hy 


If 4, = 4), T =0 and the blocks move down the incline with the same 


acceleration of g(sind — LCOS 6), Inserting a stick between them can't 


change this; therefore, the stick must exert no force on either block. 


45 
Picture the Problem The pictorial 
representation shows the orientation of the 
two blocks on the inclined surface. Draw 
the free-body diagrams for each block and 
apply Newton’s 2” law of motion and the 
definition of the static friction force to each 
block to obtain simultaneous equations in 
Q, and T. 


(a) Draw the free-body diagram for 


the lower block: = ra Fy 


/ ~ 
0. a 
/ x 
me 
Apply > F = m@ to the block: LF, = megsin@, — fs, — T= 0 (1) 
and 
XF,, = Fri — mgcos®@& = 0 (2) 


The relationship between f,; and Fy, Sai = Us Pa (3) 
is: 
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Eliminate f,; and F’,; between (1), 
(2), and (3) to obtain: 


Draw the free-body diagram for the 
upper block: 


Apply > F = ma to the block: 


The relationship between f.2 and Fi2 
is: 


Eliminate f,. and F,2 between (5), 
(6), and (7) to obtain: 


Add equations (4) and (8) to 
eliminate T and solve for @:: 


(b) Because @ is greater than the 
angle of repose (tan™'(14,;) = 

tan '(0.4) = 21.8°) for the lower 
block, it would slide if T= 0. Solve 
equation (4) for T: 


Substitute numerical values and evaluate 7: 


mgsin®@, — Usimgcos@, -T=0 (4) 


XF, =T + mgsin@, —f,2 = 0 (5) 
and 

XF), = Fn2 — mogcos& = 0 (6) 
Ss2 = bs2F a2 (7) 


T + mogsin 8, — Us2M2gc086, = 0 (8) 


pe anl| Ho + [4,,M, 
: |  m,+m, 
_ tan (0-4)(0.2kg)+ (0.6)(0.1kg) 
0.1kg+0.2kg 


- [507 


T= m,g(sin A. — H,. COS 0.) 


T= (0.2kg)(9.81m/s? [sin25° —(0.4)cos25°| = 
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Picture the Problem The pictorial 
representation shows the orientation of the 
two blocks with a common acceleration on 
the inclined surface. Draw the free-body 
diagrams for each block and apply 
Newton’s 2™ law and the definition of the 
kinetic friction force to each block to 
obtain simultaneous equations in a and 7. 


(a) Draw the free-body diagram for 
the lower block: 


Apply iF = ma to the lower XF, = mygsin20° — f,; -— T= mya (1) 
block: and 

XF, = Fn — migcos20° = 0 (2) 
Express the relationship between fi Kea = ent (3) 
and Fi): 
Eliminate f..; and F,,; between (1), m,g sin 20° — p44, ,m,g cos 20° r 
(2), and (3) to obtain: -T=ma (4) 


Draw the free-body diagram for the 
upper block: F.5 


Apply iF = ma to the upper LF. = T + mogsin20°-—fp2=m2a (5) 
block: and 

LP, = Fag — mogcos20° = 0 (6) 
Express the relationship between fi. Jo = fe2F nz (7) 


and F,,>: 
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Eliminate f,.2 and F,2 between (5), T +m,g sin 20° — f4,,m,g cos 20° 
(2), and (7) to obtain: =m,a 


Add equations (4) and (8) to 
eliminate 7 and solve for a: 


Substitute the given values and a=-| 0.944 m/s” 


a= 


: + 
g| sin 20° — Ai a cos 20° 
mM, + mM, 


evaluate a: 
(b) Substitute for a in either equation T= | = 0.426N | : ie., the rod is under 
(4) or equation (8) to obtain: : 

compression. 
#47 oe 
Picture the Problem The vertical yi 
component of F reduces the normal force; > : a 
hence, the static friction force between the Fy F 
surface and the block. The horizontal 
component is responsible for any tendency <—_—_— O\ x 
to move and equals the static friction force a 
until it exceeds its maximum value. We can 
apply Newton’s 2™ law to the box, under 
equilibrium conditions, to relate F to @. mg 


(a) The static-frictional force opposes the motion of the object, and the maximum value 
of the static-frictional force is proportional to the normal force Fy. The normal force is 
equal to the weight minus the vertical component Fy of the force F. Keeping the 
magnitude F constant while increasing 0 from zero results in a decrease in Fy and thus a 
corresponding decrease in the maximum static-frictional force fax. The object will begin 
to move if the horizontal component Fy, of the force F exceeds finax. An increase in 0 
results in a decrease in Fy. As @ increases from 0, the decrease in Fy is larger than the 
decrease in Fy, so the object is more and more likely to slip. However, as 6 approaches 
90°, Fy approaches zero and no movement will be initiated. If F is large enough and if 0 
increases from 0, then at some value of @ the block will start to move. 


(b) Apply > F = m@ to the block: LF, =Fcosé— f= 0 (1) 
and 
XF, = F, + Fsind— mg = 0 (2) 


Assuming that {f= fi.max, eliminate f, F= Homg 
and F’, between equations (1) and cos@ + uu, sin@ 
(2) and solve for F: 
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Use this function with mg = 240 N to generate the table shown below: 


@ | (deg) | 0 10 | 20 | 30 | 40 | 50 | 60 
F | WN) {240 | 220 | 210 | 206 | 208 | 218 | 235 


The following graph of F(@) was plotted using a spreadsheet program. 


240 


235 


230 


225 


F (N) 


220 


215 


210 


205 
0 10 20 30 40 50 60 


theta (degrees) 


From the graph, we can see that the minimum value for F occurs when @ ~ 32°. 


Remarks: An alternative to manually plotting F as a function of 0 or using a 
spreadsheet program is to use a graphing calculator to enter and graph the function. 


48 eee 
Picture the Problem The free-body 

diagram shows the forces acting on the Fi 
block. We can apply Newton’s 2™ law, 

under equilibrium conditions, to relate F to "I 
@ and then set its derivative with respect to 

@ equal to zero to find the value of 0 that 


minimizes F’. 


(a) Apply >) F = md to the block: DF, =Fcos6— f= 0 (1) 
and 
XF, = Ff, + FsinO— mg = 0 (2) 
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Assuming that f,= fo.max, eliminate fj F= H,mg (3) 
and F’, between equations (1) and (2) cos@+ wu, sind 
and solve for F: 


To find @nin, differentiate F with respect to Oand set the derivative equal to zero for 
extrema of the function: 


(cos 0+ yu, sin 0) © (mg) wang (cos + usin) 


dF 
do (cos + uz, sind) (cos + uz, sind) 
= Mang(- sme THs os) = 0 for extrema 
(cos + u, sind) 
Solve for Onin to obtain: a 
(b) Use the reference triangle shown below ie HNg 
to substitute for cos@ and sin@ in equation ee 1 +U H, 
(3): Itu; lta, 
a Bm 
I+ un 
I+, 
_ —— ¢ 
1+ uy 


(c) 


The coefficient of kinetic friction is less than the coefficient of static friction. 


An analysis identical to the one above shows that the minimum force one 
should apply to keep the block moving should be applied at an angle given by 


@,,,, = tan” 44,. Therefore, once the block is moving the coefficient of friction 


m 


will decrease, so the angle can be decreased. 


49s 


Picture the Problem The vertical component of F increases the normal force and the 
static friction force between the surface and the block. The horizontal component is 
responsible for any tendency to move and equals the static friction force until it exceeds 
its maximum value. We can apply Newton’s 2” law to the box, under equilibrium 
conditions, to relate F to @. 
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(a) As @increases from zero, F 

increases the normal force exerted by 

the surface and the static friction force. 

As the horizontal component of F id 
decreases with increasing @ one would a 
expect F to continue to increase. 


(b) Apply >F = ma to the block: XF, =Fcosd—f,= 0 

and 

LF, = F, — Fsn0-— mg =0 (2) 
Assuming that f,=fo.max, eliminate fj F= HNg (3) 
and F,, between equations (1) and cos — uw, sind 
(2) and solve for F: 


Use this function with mg = 240 N to generate the table shown below. 


@ | (deg)| 0 10 | 20 | 30 | 40 50 60 
F (N) | 240 | 273 | 327 | 424 | 631 | 1310 | very 
large 


The graph of F as a function of @, plotted using a spreadsheet program, confirms our 
prediction that F continues to increase with 0. 


F (N) 


0 10 20 30 40 50 
theta (degrees) 


(a) From the graph we see that: 2..= 


301 
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(6) Evaluate equation (3) for = 0° F= MMg 
to obtain: cos 0° — wz, sin 0° 


(c) You should keep the angle at 0°. 


Remarks: An alternative to the use of a spreadsheet program is to use a graphing 


=| Mg 


calculator to enter and graph the function. 
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Picture the Problem The forces acting on each of these masses are shown in the free- 
body diagrams below. m, represents the mass of the 20-kg mass and m that of the 100-kg 
mass. As described by Newton’s 3" law, the normal reaction force F n1 and the friction 
force fy, (=fx2) act on both masses but in opposite directions. Newton’s 2" law and the 
definition of kinetic friction forces can be used to determine the various forces and the 
acceleration called for in this problem. 


(a) Draw a free-body diagram 


showing the forces acting on the Ft 
20-kg mass: ra 
Ki 
—}p — 1 
meg 
Apply > F = m4 to this mass: LF, = fi, = ma) (1) 
and 
2 = Fi mig = 0 (2) 


Solve equation (1) for fi.1: fi =mya, = (20 kg)(4 m/s’) = | 80.0N 


(6) Draw a free-body diagram ‘ 


showing the forces acting on the Fa,2 
100-kg mass: ra 


Apply » = ma, to the 100-kg Fs = mM,Q, 


object and evaluate Fret: = (1 00 kg)(6 m/s”) = 


Express F in terms of Fre and fx2: 


(c) When the 20-kg mass falls off, 
the 680-N force acts just on the 
100-kg mass and its acceleration is 
given by Newton’s 2™ law: 


51 
Picture the Problem The forces acting on 
each of these blocks are shown in the free- 
body diagrams to the right. m, represents 
the mass of the 60-kg block and m, that of 
the 100-kg block. As described by 
Newton’s 3" law, the normal reaction force 
F,, and the friction force fq (= fx2) act on 
both objects but in opposite directions. 
Newton’s 2™ law and the definition of 
kinetic friction forces can be used to 
determine the coefficient of kinetic friction 
and acceleration of the 100-kg block. 


(a) Apply > F = ma to the 60-kg 
block: 


Apply DF, =ma,, to the 100-kg 
block: 


Using equation (2), express the 
relationship between the kinetic 


friction forces f, ,and f,,: 


Substitute equation (4) into equation 
(1) and solve for sy: 


Substitute numerical values and 
evaluate ix: 


(6) Substitute equation (4) into 
equation (3) and solve for ap: 


Applications of Newton’s Laws 303 


F = Fru + fio = 600 N 4 80 N= | 680N | 


F,, _ 680N i 
= —tet = —____ =| 6.80 m/s 
= kg Lo-soms | 
y 
be | > 
| a Fy,2 
Fat 
fe F 
oak 
meg 
LF, =F - fir =miay (1) 
and 
LP, = Fi mig =0 (2) 
K2 = M2a2 (3) 
Tat =f =e = Mn = Muig (4) 
FF Wie, 
Ke = 
mg 
320N — (60kg)(3m/s’) 
= =| 0.238 
~~ (60kg)(9.81m/s") eee 
a, = Hans 
mM, 
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Substitute numerical values and eee (0.238\(60kg)(9.81 m/s?) 
evaluate ap: aa 100kg 

=| 1.40m/s’ 
#52 ee 


Picture the Problem The accelerations of 
the truck can be found by applying 
Newton’s 2™ law of motion. The free-body 
diagram for the truck climbing the incline 
with maximum acceleration is shown to the 
right. 


(a) Apply > F = m@ to the truck LF, = femax —mgsinl12° = ma (1) 
when it is climbing the incline: ag 
Xf’, = Fa— mgcos12° = 0 (2) 
Solve equation (2) for F’,, and use Femax = Lmgcos 12° (3) 
the definition of fimax to obtain: 
Substitute equation (3) into equation a= elu, cos12°—sin 12°) 
(1) and solve for a: 
Substitute numerical values and a= (9.8 m/s” )[(0.85)cos12° —sin12°] 
evaluate a: a6 (ae 
(6) When the truck is descending the — fmax — mgsin12° = ma (4) 
incline with maximum acceleration, 
the static friction force points down 
the incline; i.e., its direction is 
reversed on the FBD. Apply 
> F. =ma, to the truck under 
these conditions: 
Substitute equation (3) into equation a= —2(u, cos12°+sin 12?) 
(4) and solve for a: 
Substitute numerical values and a= (- 9.81m/s” [(0.85)cos12° + sin 12°] 


evaluate a: = 
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Picture the Problem The forces acting on 
each of the blocks are shown in the free- 
body diagrams to the right. m represents 
the mass of the 2-kg block and m that of 
the 4-kg block. As described by Newton’s 
a law, the normal reaction force F,,; and 
the friction force f.1 (= f,2) act on both 
objects but in opposite directions. Newton’s 
2" law and the definition of the maximum 


static friction force can be used to 


determine the maximum force acting on the 
4-kg block for which the 2-kg block does 


not slide. 


(a) Apply > F = ma to the 2-kg 
block: 


Apply > F = ma to the 4-kg block: 


Using equation (2), express the 
relationship between the static 


and f. 


s,2,max ° 


friction forces f 


s,l,max 


Substitute (5) in (1) and solve for 


Qmax * 


Solve equation (3) for F = F'max: 


Substitute numerical values and 
evaluate F'max: 


(b) Use Newton’s 2” law to express 
the acceleration of the blocks 
moving as a unit: 


Substitute numerical values and 
evaluate a: 
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au 


i) 


—_> — = 
ont 
my 
Peas | 
J 


mg 
XF. = Si.1.max = M\Qmax (1) 
and 
Lf = Fame = 0 (2) 
xP’. =F — fs2,max = M2Qmax (3) 
and 
ZF, = Pag— Fat - mg = 0 (4) 
Ss.1.max = fi2max = Us Mg (5) 


Amax = Leg = (0.3)g = 2.94 m/s” 


, = My max + UM g 


max 


F.,, =(4kg\2.94m/s? )+ (0.3)(2kg) 


max 


x(9.81m/s?) 
-[i7¥] 
F 
a= 
m, +m, 
a= Nas 1.47 m/s” 
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Because the friction forces are an 
action-reaction pair, the friction 
force acting on each block is given 
by: 


(c) If F = 2F pax, then m, slips on m2 
and the friction force (now kinetic) 
is given by: 


Use » Ff’. =ma,, to relate the 


acceleration of the 2-kg block to the 
net force acting on it and solve for 


Qa: 


Use y F.=ma, to relate the 


acceleration of the 4-kg block to the 
net force acting on it: 


Solve for az: 


Substitute numerical values and 
evaluate ay: 


54. we 
Picture the Problem Let the positive x 
direction be the direction of motion of 
these blocks. The forces acting on each of 
the blocks are shown, for the static friction 
case, on the free-body diagrams to the 
right. As described by Newton’s 3™ law, 
the normal reaction force Fy; and the 
friction force f,1 (= fi2) act on both objects 
but in opposite directions. Newton’s 2" 
law and the definition of the maximum 
static friction force can be used to 


determine the maximum acceleration of the 


block whose mass is m. 


(a) Apply iF = ma to the 2-kg 
block: 


S=fe= emg 


Ic = Kms = ma, 


and 


a = Lng = (0.2)g = 


FP — 42mg = maz 


a, 
mM, 


fo= mya = (2 kg)(1.47 m/s’) 


- [294] 


_F-Mmg 


1.96 m/s* 


2(17.7N)-(0.2)(2kg)(9.81m/s?) 


2 


=| 7.87m/s” 


Ss, 
—x 
[_ 


Akg 


XF. = Ss1max = M)Qmax 


and 


(1) 


Apply > F = m4@ to the 4-kg 
block: 


Using equation (2), express the 
relationship between the static 
and f 


s,2,max * 


friction forces fess 
Substitute (5) in (1) and solve for 


Qmax: 
(b) Use > F, = ma, to express the 


acceleration of the blocks moving 
as a unit: 


Apply DF. = ma, to the object 


whose mass is 3: 


Add equations (6) and (7) to 
eliminate T and then solve for and 
evaluate m3: 


(c) If m3 = 30 kg, then m will slide 
on m, and the friction force (now 
kinetic) is given by: 


Use baal = ma, to relate the 


acceleration of the 30-kg block to 
the net force acting on it: 


Noting that a) = a3 and that the 
friction force on the body whose 
mass iS mp is due to kinetic friction, 
add equations (3) and (8) and solve 
for and evaluate the common 
acceleration: 


With block 1 sliding on block 2, the 
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LF, = Fai- mg =0 (2) 
XF’, = T —fe2,max = M2Qmax (3) 
and 

xP, = Fig Fat mg = 0 (4) 
Se1.max = fi.2,.max = Us Mg (5) 


Amax = Leg = (0.6)g = | 5.89m/s* 


T = (m+ m2) amax (6) 


mg — T = M3 Amax (7) 


vn = Hl +m) _ (0.6\10kg + 5kg) 
= = 


= 1-0.6 


=| 22.5kg 


Sf = Uemg 


m3g —T = 303 (8) 


g(m, a Lm, ) 

mM, + mM, 
_ (9.81m/s? )BOkg - (0.4\5kg)] 
7 10kg +30kg 


6.87 m/s* 


a, =a, = 


Kk = {mg =mMya, (1') 
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friction force acting on each is T-fe = T- amg = maz (3’) 
kinetic and equations (1) and (3) 

become: 

Solve equation (1') for and evaluate a,=H,.2= (0.4) (9.81 m/s” ) 

a =| 3.92 m/s? 

Solve equation (3’) for T: T=m,a,+ 4m2 


Substitute numerical values and evaluate 7: 


T = (10kg)(6.87 m/s? )+ (0.4\'5kg)(9.81m/s?)= 


55° 

Picture the Problem Let the direction of 
motion be the positive x direction. The 
free-body diagrams show the forces acting 
on both the block (/) and the 


counterweight (m). While T. # T,, jit ss ii 
By applying Newton’s 2™ law to these 


blocks, we can obtain equations in T and a 
from which we can eliminate the tension. 


su 
4\ 
= 
—_ 
oy 


> 6 

Once we know the acceleration of the Kk \ 
block, we can use constant-acceleration oS ea 
equations to determine how far it moves in Mg mg 
coming to a momentary stop. 
(a) Apply iF = md to the block ya =T,-Mgsiné-— f,, = Ma 
on the incline: and 

> F, = F,—Mgcos@=0 
Apply iF = ma to the > F, =mg—T,=ma (1) 
counterweight: 
Letting 7; = T, = T and using the T-MgsinO-,Mgcos0=Ma_ (2) 


definition of the kinetic friction 
force, eliminate f, and F’, between 
the equations for the block on the 
incline to obtain: 


Eliminate T from equations (1) and ney | (sin 0+ Ls, cos ) 
(2) by adding them and solve for a: a= en 


Applications of Newton’s Laws 309 


Substitute numerical values and evaluate a: 


a Sook = (1600kg) (sin10° + 0.15co0s10°) 


(9.81m/s?)=| 0.163 m/s” 


550kg +1600kg 


(b) Using a constant-acceleration 
equation, relate the speed of the 
block at the instant the rope breaks 
to its acceleration and displacement 
as it slides to a stop. Solve for its 
displacement: 


The block had been accelerating up 
the incline for 3 s before the rope 
broke, so it has an initial speed of : 


From equation (2) we can see that, 
when the rope breaks (7 = 0) and: 


Substitute in equation (3) and 
evaluate Ax: 


(c) When the block is sliding down 
the incline, the kinetic friction force 
will be up the incline. Express the 
block’s acceleration: 


56 ecco 
Picture the Problem If the 10-kg block is 
not to slide on the bracket, the maximum 


value for F must be equal to the maximum 
value of f, and will produce the maximum 
acceleration of this block and the bracket. 
We can apply Newton’s 2” law and the 
definition of fo max to first calculate the 
maximum acceleration and then the 
maximum value of F. 


(a) and (b) Apply YF = m4 to the 


10-kg block when it is experiencing 
its maximum acceleration: 


2 2 
Vv; =v; + 2aAx 
or, because vp = 0, 
2 
v 


Ax =—4 (3) 


2a 


(0.163 m/s’)(3 s) = 0.489 m/s 


a =—g(sin6 + uu, cos@) 
= ~(9.81m/s”)[sin 10° + (0.15)cos10°] 
= —3.15m/s’ 


where the minus sign indicates that the 
block is being accelerated down the 
incline, although it is still sliding up the 
incline. 


—(0.489 m/s) 


a = —g(sin0— 11, cos6) 
= -(9.81m/s”)[sin 10° —(0.15)cos10°] 


=| —0.254m/s” 


- 
mg 


xP, = femax —-F= M2Q2 max (1) 
and 
Ly = Lao — nig = 0 (2) 
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Express the static friction force Jase = BE 2 (3) 
acting on the 10-kg block: 


Eliminate fymax and F,». from Lagmog — F = m702,max (4) 
equations (1), (2) and (3) to obtain: 
Apply > F, = ma, to the bracket 2F — Ms = M141 max (5) 
to obtain: 
Because dy max = 2.max, denote this a M,N, 
acceleration by dmax. Eliminate F’ ee m,+2m, 
from equations (4) and (5) and solve 
fOr Amax: 
Substitute numerical values and —— (0.4)(1 0 kg)(9.8 1m/s? ) 
evaluate dmax: ae 5kg + 2(10kg) 
=| 1.57m/s” 
Solve equation (4) for i= Pax: i = HIN § ~~ MQ nox = mM, (14,2 —Anax ) 
Substitute numerical values and Fe= (1 Okg)|(0.4)(9.8 1m/s* )- 1.57m/s* | 
evaluate F’: ~|23.5N 
#57 oe 


Picture the Problem The free-body 
diagram shows the forces acting on the 
block as it is moving up the incline. By 
applying Newton’s 2” law, we can obtain 
expressions for the accelerations of the 
block up and down the incline. Adding and 
subtracting these equations, together with 
the data found in the notebook, will lead to 
values for gy and Lu. 


mgy 


Apply > F, = m4 to the block when > F, =—f, —mgy sin@ =ma,, 
it is moving up the incline: and 
DF, =F —mg,, cos0=0 
Using the definition of /,, eliminate Ay = Uy Zy COS 0-2, sind (1) 


F, between the two equations to 
obtain: 
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When the block is moving down the Aaown = Ly &y COSO — gy sind (2) 
incline, f, is in the positive x 
direction, and its acceleration is: 


Add equations (1) and (2) to obtain: Ary + Qdown = —2¢,, sind (3) 
Solve equation (3) for gy: Op + Foun 
antes 2sin 0 
Determine @ from the figure: 
6 = tan} 2 Bslapp | _ 19 g0 
3.82 glapp 


Substitute the data from the notebook in equation (4) to obtain: 


_ 1.73glapp/plipp* + 1.42 glapp/plipp* _ 


8.41 glapp/plipp* 
% —2sin10.8° | 8.41 glappiplipp 
Subtract equation (1) from equation sown — 4p = 2h Zy COSO 
(2) to obtain: : 
Solve for x: Faown — Fup 
fer =. A 
22, cos@ 


Substitute numerical values and evaluate 14: 


= . 2 = . 2 
i 1.42 glapp/plipp : - glapp/plipp _T0191 
2 8.41 glapp/plipp )cos 10.8° 


*58 ce 
Picture the Problem The free-body 
diagram shows the block sliding down the 
incline under the influence of a friction 
force, its weight, and the normal force 
exerted on it by the inclined surface. We 
can find the range of values for m for the 
two situations described in the problem 
statement by applying Newton’s 2" law of 
motion to, first, the conditions under which 
the block will not move or slide if pushed, 
and secondly, if pushed, the block will 
move up the incline. 


(a) Assume that the block is sliding > F.=-f.+Mgsin@ =0 
down the incline with a constant ‘ 
velocity and with no hanging weight and 


(m = 0) and apply YF = mda to pas = F —Mgcosé=0 
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the block: 


Using f, = F,, eliminate F, 
between the two equations and solve 
for the net force acting on the block: 


If the block is moving, this net force 
must be nonnegative and: 


This condition requires that: 


Because 44 = 0.2, this condition is 
satisfied and: 


To find the maximum value, note 
that the maximum possible value for 
the tension in the rope is mg. For 
the block to move down the incline, 
the component of the block’s weight 
parallel to the incline minus the 
frictional force must be greater than 
or equal to the tension in the rope: 


Solve for max: 


Substitute numerical values and 
evaluate max: 


The range of values for m is: 


(b) If the block is being dragged up 
the incline, the frictional force will 
point down the incline, and: 


Solve for and evaluate myjn: 


If the block is not to move unless 
pushed: 


Solve for and evaluate Max: 


The range of values for m is: 


F =—-H,Mgcosé + Mg sind 


(— 4, cos@ + sin@)Mg > 0 


M, <tan@ = tan18° = 0.325 


Mgsin0— 44,Megcos@ = mg 


Mya <M (sin @- 4, cos) 


a 


Ma, < (100 kg)[sin 18° —(0.2)cos18°] 
=11.9kg 


0<m<11.9kg 


Mg sin@+ 14,Mg cos0< mg 


Mmin > M (sin@+ Ly cos@) 
= (100 kg)[sin18° + (0.2)cos18°] 
= 49.9kg 


Mg sin@ + u, Mg cos@ > mg 


Mmax < M (sin@+ pu, cos8) 
= (100 kg)[sin18° + (0.4)cos18°] 
= 68.9kg 


49.9kg <m< 68.9kg 
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i 
Picture the Problem The free-body 
diagram shows the forces acting on the 0.5 
kg block when the acceleration is a 
minimum. Note the choice of coordinate 
system is consistent with the direction of 


F. Apply Newton’s 2” law to the block 
and solve the resulting equations for amin 


and (max. 
(a) Apply iF = ma to the 0.5-kg LF, = F,sind— fcos@ = ma (1) 
block: and 

XF, = F,cosé + fsind— mg = 0 (2) 
Under minimum acceleration, Fomax = sn (3) 


v= Jfsmax- Express the relationship 
between fi max and Fy: 


Substitute fomax for f, in equation (2) R= mg 
and solve for Fy: " cos@ + uu, sin 


Substitute for /, in equation (1) and sin @ — 4, cosO 


min 


solve for a = Amin! cos@+ usin d 
Substitute numerical values and a (9. 8] m/s?)Si03° — (0.8}¢0s35 
evaluate Amin‘ cos35° + (0.8)sin35° 
= —0.627 m/s” 
Treat the block and incline as a Fin = MtoAmin = (2.5 kg)( —0.627 m/s’) 
single object to determine Finin: =|-—1.57N 
To find the maximum acceleration, <xF, = F,sind + fecosO = ma (4) 
reverse the direction of f. and apply and 
iF = ma to the block: LF, = F,cosO— fsind— mg = 0 (>) 
Proceed as above to obtain: 7 sin@+ ul, cos@ 
™ — © cos@— uw, sind 

. fi - fo} + ; fe} 
Substitute numerical values and a (9. 8] m/s?)Si03° (0 8)cos35 
evaluate dmax: cos35° —(0.8)sin35° 


= 33.5m/s” 
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Treat the block and incline as a single 
object to determine Frnax: 


(b) Repeat (a) with x, = 0.4 to obtain: 


60 ° 

Picture the Problem The kinetic friction 
force f, is the product of the coefficient of 
sliding friction 44 and the normal force F, 
the surface exerts on the sliding object. By 
applying Newton’s 2™ law in the vertical 
direction, we can see that, on a horizontal 
surface, the normal force is the weight of 
the sliding object. Note that the 
acceleration of the block is opposite its 
direction of motion. 


(a) Relate the force of kinetic 
friction to 44, and the normal force 


acting on the sliding wooden object: 


Substitute v = 10 m/s and evaluate 


Ik: 


(b) Substitute v = 20 m/s and 
evaluate fi: 


61 eo 


Frnax = MiotAmax = (2.5 kg)(33.5 m/s’) 


0.11 
ia mg 


14+2.3x10*?)" 


= 0.11(100kg)(9.81 mvs") 7 


(1+2.3x10“(10mvs)’) 


_ 0.11(100kg)(9.81m/s" ) 
(1+2.3x10“"(20m/s)) 
=| 90.5N 


Picture the Problem The pictorial representation shows the block sliding from left to 
right and coming to rest when it has traveled a distance Ax. Note that the direction of the 
motion is opposite that of the block’s acceleration. The acceleration and stopping 
distance of the blocks can be found from constant-acceleration equations. Let the 
direction of motion of the sliding blocks be the positive x direction. Because the surface 
is horizontal, the normal force acting on the sliding block is the block’s weight. 


F; 
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(a) Using a constant-acceleration = Vv + 2aAx 
equation, relate the block’s stopping b =) 
distance to its initial speed and as eee es 
acceleration; solve for the stopping Ax =— Vo (1) 
distance: 2a 
Apply DF . =ma,, to the sliding ae a ee ae 
block, introduce Konecny’s m m m 
empirical expression, and solve for 4 0.91 
the block’s acceleration: ee (mg) 
m 
Evaluate a with m = 10 kg: — (0.4)(Qokg)(9.81 m/s? yr 
10kg 

=| —2.60m/s* 
Substitute in equation (1) and 7 (I 0 m/s) 2 
evaluate the stopping distance when Ax = x\= 
irae 2-2.60me) “92 | 
(b) Proceed as in (a) with (0.4)[(1 00 kg\9.8 inks? ) 0.91 
m = 100 kg to obtain: a= 100kg 

=| —2.11m/s* 
Find the stopping distance as in (a): = (10m/s) 


ia eer a ea 


*G2 cee 
Picture the Problem The kinetic friction force f, is the product of the coefficient of 
sliding friction 44 and the normal force F, the surface exerts on the sliding object. By 
applying Newton’s 2” law in the vertical direction, we can see that, on a horizontal 
surface, the normal force is the weight of the sliding object. We can apply Newton’s 2™ 
law in the horizontal (x) direction to relate the block’s acceleration to the net force acting 
on it. In the spreadsheet program, we’ll find the acceleration of the block from this net 
force (which is velocity dependent), calculate the increase in the block’s speed from its 
acceleration and the elapsed time and add this increase to its speed at end of the previous 
time interval, determine how far it has moved in this time interval, and add this distance 
to its previous position to find its current position. We’ll also calculate the position of the 
block x2, under the assumption that 44 = 0.11, using a constant-acceleration equation. 


316 Chapter 5 


4 


Fy 


The spreadsheet solution is shown below. The formulas used to calculate the quantities in 
the columns are as follows: 


Cell Formula/Content Algebraic Form 

C9 C8+$B$6 t+At 

D9 D8+F9*$B$6 v+aAt 

E9 | $B$5-($B$3)*($B$2)*$B$5/ [mg 

A A ECT = ee Fe RN 
ore Cade ie (1+2.34x10"v) 

F9 E10/$B$5 F.,,/m 

G9 G9+D10*$B$6 x+vAt 

K9 0.5*5.922*1104%2 Lat? 

L9 J10-K10 XOX, 

A B c D E G H I J 

1 g=|9.81 — |m/s*2 

2) Coeffl=| 0.11 

3 Coeff2= | 2.30E- 

04 
4 Mass=| 10 kg 
3 Applied | 70 N 
Force= 
6 Time | 0.05 S 
step= t xX x2 X—-x2 

7 

8 

9 Net 

t V force | a X mu=variable | mu=constant 

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11 0.05 0.30 | 59.22 |5.92} 0.01 0.05 0.01 0.01 0.01 
12 0.10 0.59 | 59.22 |5.92} 0.04 0.10 0.04 0.03 0.01 
13 0.15 0.89 | 59.22 |5.92} 0.09 0.15 0.09 0.07 0.02 
14 0.20 1.18 | 59.22 |5.92} 0.15 0.20 0.15 0.12 0.03 
15 0.25 1.48 | 59.23 |5.92} 0.22 0.25 0.22 0.19 0.04 
205 9.75 61.06 | 66.84 |6.68 | 292.37 9.75| 292.37 281.48 10.89 
206| 9.80 61.40 | 66.88 |6.69| 295.44 9.80} 295.44 284.37 11.07 
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207| 9.85 61.73 | 66.91 |6.69 | 298.53 9.85) 298.53 287.28 11.25 
208| 9.90 62.07 | 66.94 |6.69 | 301.63 9.90; 301.63 290.21 11.42 
209| 9.95 62.40 | 66.97 |6.70| 304.75 9.95) 304.75 293.15 11.61 
210| 10.00 | 62.74 | 67.00 |6.70/307.89| |10.00| 307.89 296.10 [11.79 


The displacement of the block as a function of time, for a constant coefficient of friction 
(4 = 0.11) is shown as a solid line on the graph and for a variable coefficient of friction, 
is shown as a dotted line. Because the coefficient of friction decreases with increasing 


particle speed, the particle travels slightly farther when the coefficient of friction is 


variable. 


cree mu = variable 


mu = constant 


t (s) 


10 


The velocity of the block, with variable coefficient of kinetic friction, is shown below. 


70 


t (s) 


10 
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63. ee 
Picture the Problem The free-body 
diagram shows the forces acting on the 
block as it moves to the right. The kinetic 
friction force will slow the block and, 
eventually, bring it to rest. We can relate 
the coefficient of kinetic friction to the 
stopping time and distance by applying 
Newton’s 2™ law and then using constant- 
acceleration equations. 


(a) Apply oy F = m to the block 


of wood: 


Using the definition of f{, eliminate 
F, between the two equations to 
obtain: 


Use a constant-acceleration equation 
to relate the acceleration of the 
block to its displacement and its 
stopping time: 


Relate the initial speed of the block, 
Vo, to its displacement and stopping 
distance: 


Use this result to eliminate vo in 
equation (2): 


Substitute equation (1) in equation 
(4) and solve for sy: 


Substitute for Ax = 1.37 m and 
At = 0.97 s to obtain: 


(b) Use equation (3) to find vo: 


a=—-H& (1) 
Ax = v,At +4a(At) (2) 
Ax =v, At = 07” ay 

2 (3) 


+v,At since v = 0. 


Ax = —1+a(At) (4) 
__2Ax 
mela) 
2(1.37 m) 
= =| 0.297 
* ~19 81m/s)(0.97s) oe 
oe 2Ax _ 2(1.37m) _ an 
At 0.97s 


*64 oe 

Picture the Problem The free-body 
diagram shows the forces acting on the 
block as it slides down an incline. We can 
apply Newton’s 2™ law to these forces to 
obtain the acceleration of the block and 
then manipulate this expression 
algebraically to show that a graph of a/cos@ 
versus tan@ will be linear with a slope 
equal to the acceleration due to gravity and 
an intercept whose absolute value is the 
coefficient of kinetic friction. 


(a) Apply >» F = m@ to the block 


as it slides down the incline: 


Substitute /4/', for f, and eliminate 
F’, between the two equations to 
obtain: 


Divide both sides of this equation by 
cos@ to obtain: 


Note that this equation is of the form 
y=mxtb: 


Applications of Newton’s Laws 319 


a =mgsin@— f, =ma 
and 
YF, =F —mgcos@=0 


a = g(sin@ — wu, cos) 


= g tand— gy, 
cos@ 


Thus, if we graph a/cos@ versus tan@, we 
should get a straight line with slope g and 


y-intercept —g Lk. 


(6) A spreadsheet solution is shown below. The formulas used to calculate the quantities 


in the columns are as follows: 


Cell Formula/Content Algebraic Form 
C7 0 
D7 a 
E7 TAN(C7*PI(Q)/180) 1 
tan| 0x — 
[ 1 =] 
F7 | D7/COS(C7*PI(Q/180) a 
cos 0 x =) 
180 
C D E F 
6 theta a tan(theta) | a/cos(theta) 
7 25 1.691 0.466 1.866 
8 27 2.104 0.510 2.362 
9 29 2.406 0.554 2.951 
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10 a] 2.888 0.601 3.370 
11 33 3.175 0.649 3.786 
12 35 3.489 0.700 4.259 
13 37 3.781 0.754 4.735 
14 39 4.149 0.810 5.338 
15 Al 4.326 0.869 5.732 
16 43 4.718 0.933 6.451 
1G 45 5.106 1.000 7.220 


A graph of a/cos@ versus tan@ is shown below. From the curve fit (Excel’s Trendline 
was used), g = 9.77 m/s” and = 2.62 m/s" = 0.268 
‘a Oe O7Tms 


The percentage error in g from the commonly accepted value of 9.81 m/s’ is 


9.81m/s? —9.77 m/s” 
100 =| 0.408% 
9.81m/s? ) 


y = 9.7681x - 2.6154 
R? = 0.9981 


a/cos(theta) 
Oo rPFN WOW BT DN © 


0.4 0.5 0.6 0.7 0.8 0.9 1.0 


tan(theta) 
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65° 

Picture the Problem The free-body 
diagram showing the forces acting on the 
stone is superimposed on a sketch of the 
stone rotating in a horizontal circle. The 
only forces acting on the stone are the 
tension in the string and the gravitational 
force. The centripetal force required to 
maintain the circular motion is a 
component of the tension. We’ll solve the 
problem for the general case in which the 
angle with the horizontal is @by applying 
Newton’s 2™ law of motion to the forces 
acting on the stone. 


Apply » F = mG to the stone: LF, = Teos0= ma, =mv/r (1) 
and 
XF\,= TsinO— mg = 0 (2) 
Use the right triangle in the diagram r =Lcosé (3) 


to relate r, L, and 0: 


Eliminate T and r between equations v = gL cot@cosO (4) 
(1), (2) and (3) and solve for v2: 


Express the velocity of the stone in —_ 2ar (5) 
terms of its period: Fives 
Eliminate v between equations (4) ee (ese 
and (5) and solve for @: 2 4r?L 
Substitute numerical values and . 81 2\(1.22s/ 
6=sin" ( ons K s) = 25.8° 
evaluate 0: 4n°(0.85m) 


and} (c) is correct. 
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Picture the Problem The free-body 
diagram showing the forces acting on the 
stone is superimposed on a sketch of the 
stone rotating in a horizontal circle. The 
only forces acting on the stone are the 
tension in the string and the gravitational 
force. The centripetal force required to 
maintain the circular motion is a 
component of the tension. We’Il solve the 
problem for the general case in which the 
angle with the horizontal is 8 by applying 
Newton’s 2™ law of motion to the forces 
acting on the stone. 


Apply > F = m@ to the stone: LF, = Tcos0=ma,=mv/r (1) 
and 
XF,= TsinO— mg = 0 (2) 
Use the right triangle in the diagram r =Lcosé (3) 


to relate r, L, and @ 


Eliminate 7 and r between equations 


v=. gL cot@cosé 


(1), (2), and (3) and solve for v: 


Substitute numerical values and 
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Picture the Problem The free-body 
diagram showing the forces acting on the 
stone is superimposed on a sketch of the 
stone rotating in a horizontal circle. The 
only forces acting on the stone are the 
tension in the string and the gravitational 
force. The centripetal force required to 
maintain the circular motion is a 
component of the tension. We’ll solve the 
problem for the general case in which the 
angle with the vertical is 0 by applying 
Newton’s 2" law of motion to the forces 
acting on the stone. 


(a) Apply > F = ma to the stone: LF, = Tsin@ = ma, 


and 


2 
mv /r 


v = J(9.81m/s?)(0.8m)cot 20° cos 20° 


evaluate v: 
=| 4.50m/s 


(1) 
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XF\= Tcos@ — mg = 0 (2) 
Eliminate T between equations (1) v=./rgtand 
and (2) and solve for v: 
Substitute numerical values and p= ) (0.3 5 m)(9.8 1m/s” )tan30° 
evaluate v: 

" =| 1.41m/s 
(6) Solve equation (2) for T: T= mg 
cosO 

Substitute numerical values and (0.75 kg)(9.8 1m/s* ) 

r= =| 8.50N 
evaluate T: cos30° [ 8.50N | 
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Picture the Problem The sketch shows the 
forces acting on the pilot when her plane is 
at the lowest point of its dive. F,, is the 
force the airplane seat exerts on her. We’ ll 
apply Newton’s 2™ law for circular motion 
to determine F’, and the radius of the 
circular path followed by the airplane. 


(a) Apply Dae = ma,, to the pilot: F, —mg = ma, 


Solve for and evaluate F,: F, = mg + ma,=m(g + a.) 
=m(g + 8.5g) = 9.5mg 
= (9.5) (50 kg) (9.81 m/s’) 


~ [66KN) 


(6) Relate her acceleration to her v v 
velocity and the radius of the cr a 
circular arc and solve for the radius: 


Substitute numerical values and evaluate r : 


(345 km/h)(1h/3600s)(1000m/km)]* _ 
8.5(9.81m/s’) =| a0 
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Picture the Problem The diagram shows 
the forces acting on the pilot when her 
plane is at the lowest point of its dive. 


F , 1s the force the airplane seat exerts on 


her. We’ll use the definitions of centripetal 
acceleration and centripetal force and apply 
Newton’s 2” law to calculate these 
quantities and the normal force acting on 
her. 


y 
a, = —, upward 
r 


c 


(a) Her acceleration is centripetal 
and given by: 


Substitute numerical values and la 80 km/h)(1h/3600 s)(1 0° /km)} ; 
a 
300m 


=| 8.33m/s’, upward 


fo) 


evaluate a.: 


(b) The net force acting on her at the F., =ma, = (65 kg)(8.33 m/ s”) 
bottom of the circle is the force =| 541N, upward | 
responsible for her centripetal 

acceleration: 

(c) Apply SF, = ma, to the pilot: F,—mg = ma, 

Solve for F,: F, =mg + ma, =m(g + a.) 
Substitute numerical values and F, = (65 kg)(9.81 m/s? + 8.33 m/s’) 
evaluate F’,: = | 1.18kN, upward 
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Picture the Problem The free-body y 
diagrams for the two objects are shown to | sie 
the right. The hole in the table changes the ” Fy 
direction the tension in the string (which Fy 

provides the centripetal force required to ~ 


keep the object moving in a circular path) 

acts. The application of Newton’s 2" law 

and the definition of centripetal force will 

lead us to an expression for r as a function mg 
of m, m2, and the time T for one | 


a" m iZ 
revolution. 
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Apply ZF, = ma,, to both objects mg — Fy = 0 
and use the definition of centripetal and 
F, =ma,=mv/r 


acceleration to obtain: 

Because F = > we can eliminate 
both of them between these 
equations to obtain: 


y 
oa aga 


Express the speed v of the object in _ 2ar 
terms of the distance it travels each T 
revolution and the time 7 for one 


revolution: 
Substitute to obtain: An’r? 
m,g —m, —,— = 0 
rT 
or 
An’r _ 
m,g—m, rz 0 
< 2 
Solve for 7: seis m,gT 
An*m, 
#7] 0 
Picture the Problem The free-body ¥ if 
diagrams show the forces acting on each R, i, 
block. We can use Newton’s 2™ law to - ss 
rT, > 
relate these forces to each other and to the a 2 x— 2 
masses and accelerations of the blocks. 
meg mg 
Appl F_=ma, to the block : 
pply > . x T,-T,=m,+ 
whose mass is 7: L, 
Appl F_=ma, to the block ve 
pply > x x T, =m, 2 
whose mass is mo: L,+L, 
Relate the speeds of each block to oe 2aL, co aie (L, + Ee) 
their common period and their : T 


distance from the center of the 
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circle: 


Solve the first force equation for 7», Don 

-aplj T, =| |m,(L,+L,)]| — 
substitute for v2, and simplify to 2 2X 210 
obtain: 


Substitute for 7> and v, in the first 


force equation to obtain: Lh= 


[m,(L, +L, )+m,L, | (2) 
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Picture the Problem The path of the 
particle and its position at 1-s intervals are 
shown. The displacement vectors are also 
shown. The velocity vectors for the 
average velocities in the first and second 
intervals are along r,, and f,,, respectively, 


and are shown in the lower diagram. 
AV points toward the center of the circle. By 


Use the diagram to the right to find Ar: 


r 


Ar = 2rsin22.5°= 2(4 cm) sin22.5° 


= 3.06 cm 
Find the average velocity of the Vay = Ar/At = (3.06 cm)/(1 s) 
particle along the chords: = 3.06 cm/s 
Using the lower diagram and the Av = 2v\sin22.5° 
fact that the angle between 
Vv, and Vv, is 45°, express Av in 
terms of v, (= v2): 
Evaluate Av using Vay as Vv): Av = 2(3.06 cm/s)sin22.5° = 2.34 cm/s 
i = : 2.34cm/s 
Now we can determine a = Av/At: ae =| 2.34cm/s? 


ls 
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Find the speed v (= v; = 2 ...) of the eS 2ar 7 2n(4cm) = (Aenis 
particle along its circular path: T 8s 
Calculate the radial acceleration of v (3. 14 cm/s) ; 
the particle: Ae ~ 4em = eens 
Compare a, and a by taking their a, _ 2.46 cm/s” -1.05 
ratio: a 2.34cm/s* 

or 

a, =1.05a 
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Picture the Problem The diagram to the 
right has the free-body diagram for the 
child superimposed on a pictorial 
representation of her motion. The force her 
father exerts is F and the angle it makes 
with respect to the direction we’ve chosen 
as the positive y direction is 8 We can 
infer her speed from the given information 
concerning the radius of her path and the 
period of her motion. Applying Newton’s 
2" Jaw as it describes circular motion will 


allow us to find both the direction and 
magnitude of F. 


Apply > F = ma to the child: LF, = FsinO= mv’/r 
and 
XF,, = FcosO — mg = 0 


Eliminate F between these equations ries 
6 =tan | — 
and solve for @: rg 
Express v in terms of the radius and ies 2ar 
period of the child’s motion: ‘a 


Substitute for v in the expression for _,| 42?r 
: @ = tan 
Oto obtain: 
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Substitute numerical values and 
evaluate 0: 


Solve the y equation for F’: 


Substitute numerical values and 
evaluate F: 
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Picture the Problem The diagram to the 
right has the free-body diagram for the bob 
of the conical pendulum superimposed on a 
pictorial representation of its motion. The 
tension in the string is F and the angle it 
makes with respect to the direction we’ve 
chosen as the positive x direction is@. We 
can find6@ from the y equation and the 
information provided about the tension. 
Then, by using the definition of the speed 
of the bob in its orbit and applying 
Newton’s 2" law as it describes circular 
motion, we can find the period T of the 
motion. 


Apply > F = ma to the pendulum 


bob: 


Using the given information that 
F' = 6mg, solve the y equation for @ 


With F = 6mg, solve the x equation 
for v: 


Relate the period T of the motion to 
the speed of the bob and the radius 


of the circle in which it moves: 


From the diagram, one can see that: 


47°(0.75m) 


A= ww 


F=—8 
cos0 


(25kg)(9.81m/s") 


0 nk 


cos53.3° 


=| 53.3° 


- [HON] 


LF, = FcosO= mv/r 


and 


XF,, = Fsind — mg=0 


v=. 6rgcos0 


Qnr 2Qar 
T — = 
v /6rg cos0 
r =Lcos0 


Substitute for 7 in the expression for 
the period to obtain: 


Substitute numerical values and 
evaluate T: 
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Picture the Problem The static friction 
force f, is responsible for keeping the coin 


from sliding on the turntable. Using 


Newton’s 2™ law of motion, the definition 
of the period of the coin’s motion, and the 
definition of the maximum static friction 
force, we can find the magnitude of the 


friction force and the value of the 
coefficient of static friction for the two 
surfaces. 


(a) Apply > F = m@ to the coin: 


If T is the period of the coin’s 
motion, its speed is given by: 


Substitute for v in the force equation 
and simplify to obtain: 


Substitute numerical values and 
evaluate f;: 


(6) Determine F’,, from the y 
equation: 


If the coin is about to slide at 
r=1l6cm, fo=fimax- Solve for 44, in 
terms of fo max and Fy: 
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T=27 co 
\6g 
0.5m 
T=24 =| 0.579s 
| 6(9.81m/s? 
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Jy 
| > 
I 
Is 
x— 
mg 
y 
Sz = Jig m— 
r 
and 
bas =F -mg=0 
2ar 
————o 
T 
An? mr 
hee 
An’ ((0. : 
pa” ((0 1kg)(0 Im) Thee 
(Is) 
Fi, = mg 
An? mr 
fomx T?. _ 40°F 
Bs a mg eT 
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Substitute numerical values and 
evaluate ,: 


76 
Picture the Problem The forces acting on 
the tetherball are shown superimposed on a 
pictorial representation of the motion. The 
horizontal component of T is the 
centripetal force. Applying Newton’s 2" 
law of motion and solving the resulting 
equations will yield both the tension in the 
cord and the speed of the ball. 


(a) Apply > F = ma to the tetherball: 


Solve the y equation for 7: 
Substitute numerical values and 
evaluate T: 


(b) Eliminate T between the force 
equations and solve for v: 


Note from the diagram that: 


Substitute for 7 in the expression for 
v to obtain: 


Substitute numerical values and 
evaluate v: 


4n°(0. 16m) 
= =| 0.644 
Ms 0 8imi/s? (is) 


mg 


2 
2, =T sin 20° =m— 
r 


and 


pa =T cos 20° —mg =0 


fa—8 
cos 20° 


_ (0.25kg)(9.81m/s?) _ 
= cos 20° 7 
v=. rg tan 20° 


r = Lsin20° 


v= Vel sin 20° tan 20° 


v= (0.8 m/s” \ .2m)sin20° tan 20° 
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Picture the Problem The diagram 
includes a pictorial representation of the 
earth in its orbit about the sun and a force 
diagram showing the force on an object at 
the equator that is due to the earth’s 


rotation, F p> and the force on the object 


due to the orbital motion of the earth about SS 
the sun, F.. Because these are centripetal 
forces, we can calculate the accelerations 
they require from the speeds and radii 
associated with the two circular motions. 
Express the radial acceleration due _ Ve 
to the rotation of the earth: a R 
Express the speed of the object on = 27R 
the equator in terms of the radius of = z 
the earth R and the period of the 
earth’s rotation Tr: 
Substitute for vp in the expression 4n°R 

—_ ae 
for dp to obtain: i is 
Substitute numerical values and a 47? (6370km)(1000m/km) 
evaluate ap: 7 3600 4 

ai = 
lh 
=3.37x107 m/s” 
=| 3.44x10°%¢ 

Express the radial acceleration due _ v. 
to the orbital motion of the earth: 40 = r 
Express the speed of the object on Poe 2ar 
the equator in terms of the earth-sun . I. 


distance r and the period of the 
earth’s motion about the sun 7): 
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Substitute for v, in the expression An’r 
. a, = 5) 
for a, to obtain: hs 
Substitute numerical values and _ An’ (1 5x10" m) 


j= 


evaluate a.: 


—eEe 
Id th 
= 5.95x10° m/s* =| 6.07x10“*g 
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Picture the Problem The most significant 
force acting on the earth is the gravitational 
force exerted by the sun. More distant or y 
less massive objects exert forces on the 
earth as well, but we can calculate the net 
force by considering the radial acceleration 
of the earth in its orbit. Similarly, we can 
calculate the net force acting on the moon 
by considering its radial acceleration in its 
orbit about the earth. 


“ 


(a) Apply DF = ma, to the earth: Pi =i ve 
F 

Express the orbital speed of the Qnr 

earth in terms of the time it takes to Me T 


make one trip around the sun (1.e., 
its period) and its average distance 
from the sun: 


Substitute for v to obtain: 4n?mr 


Substitute numerical values and evaluate F’,, earth! 


a 4n°(5.98%10™ kg) (1.49610! m) _ 


2 
[365.2478 25008 


(b) Proceed as in (a) to obtain: 


2 22 
_ 4n°(7.35x10 kg)(3.844x10 m)_ 2.00x 107° N 
doh 


on moon —_ 


[27324 
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Picture the Problem The semicircular 
wire of radius 10 cm limits the motion of 
the bead in the same manner as would a 


10-cm string attached to the bead and fixed 


at the center of the semicircle. The 
horizontal component of the normal force 
the wire exerts on the bead is the 
centripetal force. The application of 
Newton’s 2™ law, the definition of the 
speed of the bead in its orbit, and the 
relationship of the frequency of a circular 
motion to its period will yield the angle at 
which the bead will remain stationary 
relative to the rotating wire. 


Apply > F = ma to the bead: 


Eliminate F,, from the force 
equations to obtain: 


The frequency of the motion is the 
reciprocal of its period 7. Express 
the speed of the bead as a function 
of the radius of its path and its 
period: 


Using the diagram, relate r to L and 
0: 


Substitute for 7 and v in the 
expression for tan@ and solve for 0: 


Substitute numerical values and 
evaluate 0: 
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mg 


2 
> F, =F, sin =m— 
r 


and 


SE, =F cos@—-mg =0 


2 


tang =~— 
rg 

2ar 

y= — 

T 
r=Lsin0@ 


6 =cos” gT” 
An? L 


_,| (9.81 m/s? )(0.5s) s 
oncom) | 
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Picture the Problem Note that the 
acceleration of the bead has two 
components, the radial component 
perpendicular tov, and a tangential 
component due to friction that is opposite 
toV. The application of Newton’s 2” law 
will result in a differential equation with 
separable variables. Its integration will lead 


to an expression for the speed of the bead 
as a function of time. 


=. : 4 
Apply YF = ma to the bead in the VF. == ue 
radial and tangential directions: 

and 

dv 

YE =i, = ma, = ae 
Express f, in terms of 44 and F;: Ke= MP a 
Substitute for F,, and f, in the dv ee 
tangential equation to obtain the dt r 


differential equation: 


Separate the variables to obtain: dv MK dt 
v r 
Express the integral of this equation rl r 
Leaping ena fave far 
with the limits of integration being 2 ae 
from vo to v on the left-hand side : 
and from 0 to ¢ on the right-hand 
side: 
Evaluate these integrals to obtain: 1 1 My ; 
VieWVW or 
Solve this equation for v: 
1 
V=Vo 
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Picture the Problem Note that the 
acceleration of the bead has two 

components—the radial component 
perpendicular tov, and a tangential 


component due to friction that is opposite 
to V. The application of Newton’s 2™ law 
will result in a differential equation with 
separable variables. Its integration will lead 
to an expression for the speed of the bead 


as a function of time. 


(a) In Problem 81 it was shown that: 


Express the centripetal acceleration 
of the bead: 


(b) Apply Newton’s 2” law to the 
bead: 


Eliminate F, and f, to rewrite the 
radial force equation and solve for 
ay: 

(c) Express the resultant 
acceleration in terms of its radial 
and tangential components: 
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Concepts of Centripetal Force 
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Picture the Problem The diagram depicts 
a seat at its highest and lowest points. Let 
"t” denote the top of the loop and "b” the 
bottom of the loop. Applying Newton’s 2" 
law to the seat at the top of the loop will 
establish the value of mv’/r; this can then 
be used at the bottom of the loop to 
determine Fy, ». 


Apply ys = ma, to the seat at the 
top of the loop: 


Apply DF = ma, to the seat at the 


bottom of the loop: 


Solve for F,, and substitute for 
mv’/r to obtain: 
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Picture the Problem The speed of the 
roller coaster is imbedded in the expression 
for its radial acceleration. The radial 
acceleration is determined by the net radial 
force acting on the passenger. We can use 
Newton’s 2™ law to relate the net force on 
the passenger to the speed of the roller 
coaster. 


Apply D Paid = MA,agiqi tO the 


passenger: 


Solve for v: 


Substitute numerical values and 
evaluate v: 


mg +F 4 = 2mg = ma, = mv’/r 


Fi» — mg = mv'/r 


F,» = 3mg and | (d) is correct. 


mg + 0.4mg = mv’/r 


v=/1.4gr 


v= 1.4(9.81m/s’)(12.0m) 
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Picture the Problem The force F the 
passenger exerts on the armrest of the car 
door is the radial force required to maintain 
the passenger’s speed around the curve and 
is related to that speed through Newton’s 


2™ law of motion. 


Apply ) F. =ma, to the f : 
pply >» , = ma, to the forces F =e 
acting on the passenger: 2 
Solve this equation for v: Ba 
v=,/— 


Substitute numerical values and ( 80m \( 220N ) 
y= _ [>—+>— — = 15.9 m/s 
evaluate v: \ 70kg 


and | (a) is correct. 


B85 cee 
Picture the Problem The forces acting on 
the bicycle are shown in the force diagram. 
The static friction force is the centripetal 
force exerted by the surface on the bicycle 
that allows it to move in a circular path. 


F, + f, makes an angle @ with the vertical 


direction. The application of Newton’s 2" 
law will allow us to relate this angle to the 


speed of the bicycle and the coefficient of 
static friction. 


(a) Apply > F = ma to the bicycle: 3 mv" 


Relate F,, and f, to 6: mv 
—= 2 
tan 0 = i, e-Poe! 
Fo mg” rg 
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Solve for v: v= rg tand 


Substitute numerical values and y= af (20 m)9.8 1m/s” Jian 5° 
evaluate v: 

=| 7.25m/s 
(b) Relate f, to wz, and F,,: f= lene = 2 Ee 
Solve for 44 and substitute for f, to ee 2v* 
obtain: ‘mg rg 
Substitute numerical values and 2(7.25 m/ s) 

= =| 0.536 

evaluate 14 Ms (20 m)9.8 1m/s? ) 
86° 


Picture the Problem The diagram shows 
the forces acting on the plane as it flies ina 
horizontal circle of radius R. We can apply 
Newton’s 2™ law to the plane and 
eliminate the lift force in order to obtain an 
expression for R as a function of v and @ 


Apply iF = ma to the plane: YE shea oi 
= it 
R 


and 


ss = Fi, cos —mg = 0 


Eliminate Fi between these mies yo 
equations to obtain: 7 Rg 
Solve for R: _ ve 
gtand 
Substitute numerical values and km lh ? 
evaluate R: ph 


h 3600s 
*="(o.8imis*)tand0° 
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Picture the Problem Under the conditions 
described in the problem statement, the 
only forces acting on the car are the normal 
force exerted by the road and the 
gravitational force exerted by the earth. 
The horizontal component of the normal 
force is the centripetal force. The 


application of Newton’s 2" law will allow 
us to express @ in terms of v, 7, and g. 


Apply > F = ma to the car: YF _F ey ae 
x n r 


and 
DF, =F cos0—mg =0 


2 


Eliminate /’, from the force v 
: : tan@ = — 
equations to obtain: rg 
Solve for 0: | 
6 = tan | — 
"gS 


Substitute numerical values and evaluate @- 


(160m)(9.81m/s") 


Hic co eck Oe mio | -[a) 


*88 ce 
Picture the Problem Both the normal 
force and the static friction force contribute 
to the centripetal force in the situation 
described in this problem. We can apply 
Newton’s 2™ law to relate f, and F, and 
then solve these equations simultaneously 


to determine each of these quantities. 
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2 


(a) Apply )|F = mG to the car: > F, =F, sin + f, cos = m-— 
r 


and 
yi = F, cos6— f, sind —-mg = 0 


2 


: . ener 
f,sin0 cos6 + F. sin? @=m—sin@ 
the y equation by cos@ to obtain: r 


Multiply the x equation by sin@ and 


and 
F. cos’ 6 — f,sin@ cos@ — mg cos@ = 0 


2 


Add these equations to eliminate f;: F 0 ve 0 
—mgcos@ =m—sin 
n 
r 


2 


Ive for F;: i 
Solve for F. = mg cos0+m-~—sind 
r 


2 
= n{ geosd-rsind] 


r 


Substitute numerical values and evaluate F,: 


F, = (800kg)| (9.81m/s” )cos10° + 


2 2 2 
(85km/h) iowa) (ih/3600s) ” 
m 


8.25kN 


(b) Solve the y equation for f;: re F cos0—mg 


Substitute numerical values and evaluate /;: 


(8.25kN)cos10°—(800kg)(9.81m/s” 
f- aes oN] 


(c) Express /4min In terms of f and ead J. 
F.: s,min F. 
Substitute numerical values and 159: KN 
Henig = =| 0.193 
evaluate Ls min! , 8.25kN 
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Picture the Problem Both the normal 
force and the static friction force contribute 
to the centripetal force in the situation 
described in this problem. We can apply 
Newton’s 2" law to relate f; and F,, and 
then solve these equations simultaneously 


to determine each of these quantities. 


2 


(a) Apply >) F = md to the car: > F. =F,sin0 + f,cos0 =m— 
r 


bea = F cosé — f, sind —mg =0 


2 


v 
; sin@ cos6 + F, sin’ 6 = m—sin@ 
the y equation by cos@: fi i # 


Multiply the x equation by sin@ and 
F cos’ @— f,sinOcos@ — mg cos@ =0 


2 
vs 
F —mgcos@ = m—sin@ 
r 


Add these equations to eliminate /:: 


2 


Solve for F;: F. =mg eos ti —sind 
r 


2 
= n{ geosd-rsind] 


r 


Substitute numerical values and evaluate F;,: 


F, = (800kg) (9.81m/s” )cos10° + 


2 2 2. 
(38km/h) (1000m/km)(1h/3600s)° ° 


150m 
=| 7.832kN 
(b) Solve the y equation for f;: fz F cos0—mg 
° sin0 
= F, cot@-— Z 
sin 


Substitute numerical values and evaluate /:: 
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f, = (7.832 kN) cot 10°- 


(800kg)(9.81 m/s?) 


sinl0° oo ess 


The negative sign tells us that f{ points upward along the inclined plane rather than as 


shown in the force diagram. 


*QQ eee 


Picture the Problem The free-body diagram to the left is for the car at rest. The static 
friction force up the incline balances the downward component of the car’s weight and 


prevents it from sliding. In the free-body diagram to the right, the static friction force 


points in the opposite direction as the tendency of the moving car is to slide toward the 


outside of the curve. 


oe 


y 
| 
| 
| 
| 


Ss, max 


= 
mg 


Apply iF = ma to the car that is 


at rest: 


Substitute ff =fimax = sn in 
equation (2) and solve for and 
evaluate the maximum allowable 
value of @: 


Apply > F = ma to the car that is 


moving with speed v: 


Substitute f, = 4/7, in equations (3) 
and (4) and simplify to obtain: 


Substitute numerical values into (5) 


mg 


> F, =F, cos0+ f,sind—-mg =0 (1) 
and 


YF. =F sind — f,cos0 =0 (2) 


6 = tan"(y,)= tan (0.08) = 


> F, =F cos@— f,sn@—mg=0 (3) 
2 


bye = F sind + f,cos0 = m— (4) 
r 


F (cos@ — ys, sin@) = mg (5) 
2 

F (u,cos@ + sin@) = m— (6) 
r 


0.9904F,, = mg 
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and (6) to obtain: and 
2 


0.1595F, =m~— 
r 


Eliminate F,, and solve for r: yes v 
0.1610g 
Substitute numerical values and (60 km/h x 1h/3600s x 1000 m/km) 
r= 
evaluate r: 0.1610(9.81m/s’) 


- [176m 
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Picture the Problem The free-body diagram to the left is for the car rounding the curve 
at the minimum (not sliding down the incline) speed. The static friction force up the 
incline balances the downward component of the car’s weight and prevents it from 
sliding. In the free-body diagram to the right, the static friction force points in the 
opposite direction as the tendency of the car moving with the maximum safe speed is to 
slide toward the outside of the curve. Application of Newton’s 2" law and the 
simultaneous solution of the force equations will yield Vin and Vmax. 


Apply iF = ma to a car traveling YF a Fa asia Vow 
x n r 


around the curve when the 


coefficient of static friction is zero: and 
pair = F_ cos0—mg =0 


tan@ =——or 6 = tan" 
. = —or = 
by the second to obtain: rg 


Divide the first of these equations 2 
"S 


Substitute numerical values and evaluate the banking angle: 
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6 = tan 


_| (40km/h)(1000m/km) (1h/3600s? ) 


= 22.8° 


Apply YF = md to the car 


traveling around the curve at 
minimum speed: 


Substitute ff =fomax = Fn in the 
force equations and simplify to 


obtain: 


Evaluate these equations for 
@ = 22.8° and uw, = 0.3: 


Eliminate /, between these two 
equations and solve for Vmnin: 


Substitute numerical values and 
evaluate Vin: 


Apply iF = md to the car 


traveling around the curve at 
maximum speed: 


Substitute fC =fomax = s/n in the 
force equations and simplify to 


obtain: 


Evaluate these equations for 
@ = 22.8° and uw, = 0.3: 


(30m\9.81 m/s’) 


2 


pe = F sind — f,cos@ =m=™ 
r 
and 
Se =F cos0+ f,sin@d-mg =0 
ae 
F (u,cos@ —sin@) =m 
r 
and 


F (cos@ + us, sinO)=mg 


2 


Vv. 
0.1102F,=m— 
r 


and 
1.038F, = mg 


Vinin = V0. 106rg 


Vain = 0.106(30m)(9.81m/s?) 
=| 5.59m/s = 20.1km/h | 


2 


DF. =F sin@+ f,cos@ = mms. 
r 


and 


yes = F. cos@ — f,sin@ — mg =0 


2 


F.(u, cos6 + sin@)= mmx. 
r 


and 
F (cos O— uw, sin 6) =mg 


2 


v 
0.6641F,=m— 
r 


and 
0.8056F, = mg 
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Eliminate F,, between these two Vnax = ¥ 0.8243rg 


equations and solve for Vinax: 


Substitute numerical values and 


Vinay = V(0.8243)(30m)(9.8 1m/s? 


evaluate Vmax: 
=| 15.6m/s = 56.1km/h 


Drag Forces 
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Picture the Problem We can apply Newton’s 2™ law to the particle to obtain its 
equation of motion. Applying terminal speed conditions will yield an expression for b 
that we can evaluate using the given numerical values. 


Apply DF, = ma, to the particle: mg —bv= ma, 


When the particle reaches its mg — bv, = 0 
terminal speed v = v,and a, = 0: 


Solve for 5 to obtain: he mg 

V, 
Substitute numerical values and a (10 °kg (9.8 1m/s" 
evaluate b: 7 3x10~ m/s 


=| 3.27x10° kg/s 
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Picture the Problem We can apply Newton’s 2™ law to the Ping-Pong ball to obtain its 
equation of motion. Applying terminal speed conditions will yield an expression for b 
that we can evaluate using the given numerical values. 


Apply > = ma, to the Ping- mg —bv? = ma,, 
Pong ball: 
When the Ping-Pong ball reaches its mg —bv- =0 


terminal speed v = y,and a, = 0: 


Solve for b to obtain: ‘ mg 
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Substitute numerical values and 7 (2.3 x10" kg)(9.8 m/s” ) 
evaluate b: (9 m/s) 


=| 2.79x10“* kg/m 
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Picture the Problem Let the upward direction be the positive y direction and apply 
Newton’s 2” law to the sky diver. 


(a) Apply > F, = ma, to the sky F,-—mg =ma, 
or, because a, = 0, 
Fy =mg (1) 


Substitute numerical values and f= (60 kg)(9.8 1 m/s”) = 


evaluate F'3: 


diver: 


(b) Substitute Fy = bv; in equation by; =mg 
(1) to obtain: 


Solve for b: i mg _ F, 
oi 
y V; 
Substitute numerical values and - 589N ~ =| 0.942ke/m 
evaluate b: (25m/s) 
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Picture the Problem The free-body 
diagram shows the forces acting on the car 
as it descends the grade with its terminal 
velocity. The application of Newton’s 2™ 
law with a = 0 and Fy equal to the given 
function will allow us to solve for the 
terminal velocity of the car. 


Apply > F, = ma,, to the car: mg sin@— F, = ma, 
or, because v = vy; and a, = 0, 
mg sin@— F, = 0 


Substitute for Fg to obtain: mg sin @—-100N — (1 2N-s’/m \v? =0 
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Solve for v: y= [ms sin@—-100N 

: 1.2N-s?/m? 
Substitute numerical values and (800 kg)(9.8 1m/s” )sin 6°—100N 
evaluate 1: “= 1.2N-s*/m? 


= 24.5m/s =| 88.2km/h 
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Picture the Problem Let the upward direction be the positive y direction and apply 
Newton’s 2 law to the particle to obtain an equation from which we can find the 
particle’s terminal speed. 


(a) Apply DF, =ma, toa mg —6znrv = ma, 
pollution particle: or, because a, = 0, 
mg — 67nrv, = 0 
Solve for v; to obtain: Pee 3 
‘ 6snr 
Express the mass of a sphere in V A4nr? 
terms of its volume: Uae a 3 
Substitute for m to obtain: 2r? pg 
y= 
t on 
Substitute numerical values and _ 2(1 0° m). (2000 kg/m? (9.8 1m/s* ) 
evaluate ¥;: 1 o(1 8xlO>N: s/m?) 


=| 2.42cm/s 


(b) Use distance equals average 10*cm 3 
¢=——— = 4, 13x10 5 =| 1,.15h 
speed times the fall time to find the 2.42cm/s Renin 


time to fall 100 m at 2.42 cm/s: 


*Q7 cee 
Picture the Problem The motion of the centrifuge will cause the pollution particles to 
migrate to the end of the test tube. We can apply Newton’s 2” law and Stokes’ law to 
derive an expression for the terminal speed of the sedimentation particles. We can then 
use this terminal speed to calculate the sedimentation time. We’ll use the 12 cm distance 


348 Chapter 5 


from the center of the centrifuge as the average radius of the pollution particles as they 


settle in the test tube. Let R represent the radius of a particle and r the radius of the 


particle’s circular path in the centrifuge. 


Express the sedimentation time in 
terms of the sedimentation speed v;: 


Apply yee = MA, agin 10 A 


pollution particle: 


Express the mass of the particle in 
terms of its radius R and density p: 


Express the acceleration of the 
pollution particles due to the motion 
of the centrifuge in terms of their 
orbital radius r and period T: 


Substitute for m and a, and simplify 
to obtain: 


Solve for 4: 


Find the period T of the motion from 
the number of revolutions the 
centrifuge makes in | second: 


Substitute numerical values and 
evaluate v;: 


Find the time it takes the particles to 
move 8 cm as they settle in the test 
tube: 


At = 


sediment ~ 
t 


67nRv, = ma, 


m=pVv = 47R’p 


2 3 3 
6rnRy, -tan " 7 16z° prR 


Te? 37” 
me 82° prR* 
t OnT* 
1 30. 
= ————— =],25x10™ min/rev 
800 rev/min 


= 1.25x10° min/rev x 60s/min 
= 75.0x10° s/rev 


,, 82° (2000kg/m*)(0.12m){10* m)’ 


‘ 9(1.8x10 N-s/m?](75x107 s)° 
=2.08m/s 


he _Ax_ 8cm 
sediment v 20 8 cm/s 
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In Problem 96 it was shown that the 
rate of fall of the particles in air is 
2.42 cm/s. Find the time required to 
fall 8 cm in air under the influence 


of gravity: 


Find the ratio of the two times: 


Euler’s Method 
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Picture the Problem The free-body 
diagram shows the forces acting on the 


baseball sometime after it has been thrown 


downward but before it has reached its 
terminal speed. In order to use Euler’s 


method, we’ ll need to determine how the 


acceleration of the ball varies with its 
speed. We can do this by applying 


Newton’s 2™ law to the ball and using its 
terminal speed to express the constant in 
the acceleration equation in terms of the 


ball’s terminal speed. We can then use 
v 


n+l 


ball at any given time. 


Apply Newton’s 2™ law to the ball 
to obtain: 


Solve for dv/dt to obtain: 


When the ball reaches its terminal 
speed: 


Substitute to obtain: 


Express the position of the ball to 
obtain: 


Letting a, be the acceleration of the 
ball at time ¢,, express its speed 
when t =¢,+ 1: 


=v, +a,At to find the speed of the 
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_Ax 8cm 
ary 2.42 cm/s 


=| 3.31s 


At 


Ataie/ At sediment ~ 


by2 
mg 
| 
a 
dv 
mg —by” =m— 
dt 
qv ___) 2 
dt m 
0=g--v> Be 
mv. 
aw _ fv 
dt i ve 
Ea =x pve tM At 
2 


Via =V, +a,At 
where 


vy 
a, = di 4) 
t 
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and At is an arbitrarily small interval of 
time. 


A spreadsheet solution is shown below. The formulas used to calculate the quantities in 
the columns are as follows: 


Cell Formula/Content Algebraic Form 
Al0 B9+$B$1 t+ At 
B10 | B9+0.5*(C9+C10)*$B$1 Via tv 
Xn) =X, $A At 
2 
C10 C9+D9*$B$1 Vat1 = Vat GnAt 
D10 | $B$4*(1-C10%2/$B$5%2) vy 
a, = {1-4 
Vy, 
A B C D 
1 At= | 0.5 s 
2 x0= | 0 m 
3 vO= | 9.722 m/s 
4 a0= | 9.81 m/s*2 
5 vt= | 41.67 m/s 
6 
| t x Vv a 
8 (s) (m) (m/s) (m/s‘%2) 
9 0.0 0 9.7 9.28 
10 0.5 6 14.4 8.64 
11 1.0 14 18.7 7.84 
12 1.5 25 22.6 6.92 
28 9.5 317 41.3 0.17 
29 10.0 337 41.4 0.13 
30 10.5 358 41.5 0.10 
38 14.5 524 41.6 0.01 
39 15.0 545 41.7 0.01 
40 15.5 566 41.7 0.01 
4] 16.0 587 41.7 0.01 
42 16.5 608 41.7 0.00 


From the table we can see that the speed of the ball after 10 s is approximately 


41.4m/s. | We can estimate the uncertainty in this result by halving At and 


recalculating the speed of the ball at t= 10 s. Doing so yields v(10 s) = 41.3 m/s, a 


difference of about | 0.02%. 


The graph shows the velocity of the ball thrown straight down as a function of time. 
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Ball Thrown Straight Down 


v (m/s) 


Reset Aft to 0.5 s and set vp = 0. Ninety-nine percent of 41.67 m/s is approximately 41.3 


m/s. Note that the ball will reach this speed in about} 10.5s | and that the distance it 


travels in this time is about The following graph shows the distance traveled by 


the ball dropped from rest as a function of time. 


Ball Dropped From Rest 


400 
350 
300 
250 
E 200 

R 
150 
100 
50 
(0) — 
0 2 4 6 8 10 1 


t (s) 


2 
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Picture the Problem The free-body 
diagram shows the forces acting on the 
baseball after it has left your hand. In order 
to use Euler’s method, we’ll need to 


a 


determine how the acceleration of the ball 
varies with its speed. We can do this by 
applying Newton’s 2™ law to the baseball. 
=v,+a,At and 


by2 


We can then use v 


n+l 


X,,,; =x, +v,At to find the speed and 


n+l 


mg 
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position of the ball. 


Apply Ds F’, = ma, to the baseball: _ by} _mg =m dv 
dt 


where [v| = v for the upward part of the 


flight of the ball and |v| = —v for the 
downward part of the flight. 


Solve for dv/dt: dv 
Og Pl 
dt m 
Under terminal speed conditions ‘ 
_ : 0= iy ea ieee 7 
({v =-YV,): 
and 
as 
oe ae 
mY, 
Substitute to obtain: ay g yp 
= vy} = 1+ 
ge gra 
Letting a, be the acceleration of the Vou =), + 10, +V 4 )At 
ball at time ¢,, express its position and 


and speed when t=¢,+ 1: 
Viel =V, +a,At 


where 


VAY n 
a, =—-8 eg 
t 


and At is an arbitrarily small interval of 
time. 


A spreadsheet solution is shown below. The formulas used to calculate the quantities in 
the columns are as follows: 


Cell Formula/Content Algebraic Form 

D11 D10+$B$6 t+At 

E10 41.7 Vo 

Ell E10-$B$4* Vat =V, + a,At 
(1+E10* ABS(E10)/($B$5%2))*$BS$6 

F10 0 Yo 

Fil F10+0.5*(E10+E11)*$B$6 Vou =Y, t4(v, +v,_, At 

G10 0 0 

Gll $E$10*D11—0.5*$B$4*D1 142 vot —L gt? 
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A B C D E F G 
4 | g=| 9.81 | m/s’2 
5 | vt= | 41.7 | m/s 
6 | At=|0.1 |s 
i 
8 
9 t Vv y y no drag 
10 0.0 41.70 0.00 0.00 
11 0.1 39.74 4.07 4.12 
12 0.2 37.87 7.95 8.14 
40 3.0 3.01 60.13 81.00 
4] 3.1 2.03 60.39 82.18 
42 3.2 1.05 60.54 83.26 
43 3.3 0.07 60.60 84.25 
44 3.4 —0.91 60.55 85.14 
45 3.5 —1.89 60.41 85.93 
46 3.6 —2.87 60.17 86.62 
78 6.8 —28.34 6.26 56.98 
79 6.9 —28.86 3.41 54.44 
80 7.0 —29.37 0.49 51.80 
81 7.1 —29.87 —2.47 49.06 


From the table we can see that, after 3.5 s, the ball reaches a height of about] 60.4 m. | It 


reaches its peak a little earlier—at about and its height at t= 3.3 s is 


The ball hits the ground at about t = —so it spends a little longer coming down than 
going up. 


The solid curve on the following graph shows y(t) when there is no drag on the baseball 
and the dotted curve shows y(t) under the conditions modeled in this problem. 
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y (m) 


X with drag 


30 —— x with no drag ~s 
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Picture the Problem The pictorial representation shows the block in its initial position 
against the compressed spring, later as the spring accelerates it to the right, and finally 
when it has reached its maximum speed at x;= 0. In order to use Euler’s method, we’ll 
need to determine how the acceleration of the block varies with its position. We can do 


this by applying Newton’s 2" law to the box. We can then use Via =v, +a,At and 


X,,4; =X, +v,At to find the speed and position of the block. 
k 
m —nm — nm 
ry =0 i Xxp= 0.3 m 
vo> 0 Yn Ve = Vinax 
ag= K/m (0.3 m) ay= Km (0.3 — Xp) ap-=0 
Apply > = ma, to the block: k(0.3 m-x, ) = ma, 
Solve for a,: k 
a, =—(0.3m-x,) 
m 
Express the position and speed of Xp.) =X, +v,At 


n+l 
the block when t= ¢,+ 1: tad 
Viel =V, +a,At 
where 


k 
a,= —(0.3m—x,) 

m 
and At is an arbitrarily small interval of 
time. 


A spreadsheet solution is shown below. The formulas used to calculate the quantities in 
the columns are as follows: 
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Cell Formula/Content Algebraic Form 

Al0 A9+$B$1 t+At 

B10 B9+C10*$B$1 x, +v,At 

C10 C9+D9*$B$1 v,t+a,At 

D10 | ($B$4/$B$5)*(0.3-B10) k 

—(0.3-x,) 
m 
A B C D 

1 At= | 0.005 s 
a x0= | 0 m 
3 v0O= | 0 m/s 
4 = | 50 N/m 
5 m= | 0.8 kg 
6 
7 t xX Vv a 
8 (s) (m) (m/s) (m/s*2) 
9 0.000 0.00 0.00 18.75 
10 0.005 0.00 0.09 18.72 
11 0.010 0.00 0.19 18.69 
12 0.015 0.00 0.28 18.63 
45 0.180 0.25 2.41 2.85 
46 0.185 0.27 2.42 2.10 
47 0.190 0.28 2.43 1.34 
48 0.195 0.29 2.44 0.58 
49 0.200 0.30 2.44 —0.19 


From the table we can see that it took about] 0.200s | for the spring to push the block 30 


cm and that it was traveling about | 2.44m/s |at that time. We can estimate the 
uncertainty in this result by halving At and recalculating the speed of the ball at t= 10s. 
Doing so yields v(0.200 s) = 2.41 m/s, a difference of about | 1.2%. 
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General Problems 
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Picture the Problem The forces that act 
on the block as it slides down the incline 
are shown on the free-body diagram to the 
right. The acceleration of the block can be 
determined from the distance-and-time 
information given in the problem. The 
application of Newton’s 2" law to the 
block will lead to an expression for the 
coefficient of kinetic friction as a function 
of the block’s acceleration and the angle of 
the incline. 


Apply iF = ma to the block: 


Set fc = AF n, Fn between the two 
equations, and solve for 4: 


Using a constant-acceleration 
equation, relate the distance the 
block slides to its sliding time: 


Solve for a: 


Substitute numerical values and 
evaluate a: 


Find 44 for a = 0.1775 m/s’ and 
6 = 28°: 


=F, = mgsind —f, = ma 
and 
LF, =F, —mg =0 


_ gsind—a 
=. 


gcosd 


Ax = v,At+4a(Aty where v, =0 


Pee: 
(Ary 
a= 2(2.4m) = 0.1775 m/s” 
(5.2s) 
a (9.81m/s”) sin28° -0.1775 m/s’ 
= 


(9.81m/s?) cos28° 


0.511 


102 « 

Picture the Problem The free-body 
diagram shows the forces acting on the 
model airplane. The speed of the plane can 
be calculated from the data concerning the 
radius of its path and the time it takes to 
make one revolution. The application of 
Newton’s 2™ law will give us the tension F 
in the string. 


(a) Express the speed of the airplane 
in terms of the circumference of the 
circle in which it is flying and its 
period: 


Substitute numerical values and 
evaluate v: 


(b) Apply DF, = ma, to the model 


airplane: 


Substitute numerical values and 
evaluate F: 
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Picture the Problem The free-body 
diagram shows the forces acting on the 
box. If the student is pushing with a force 
of 200 N and the box is on the verge of 
moving, the static friction force must be at 
its maximum value. In part (5), the motion 
is impending up the incline; therefore the 
direction of fimax is down the incline. 


(a) Apply > F = ma to the box: 
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| 
Fin 
F 
— Xx 
mg 
2ar 
Peach 
T 
ae 10.7 m/s 
——Ss 
1.2 
2 
F=m~— 
r 
2. 
F =(0.4k \{0.7m/s) =| 8.03N 
3.7m 


- 
mg 


bys = f.+F—mgsin@=0 
and 


> F, =F —mgcosé=0 
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Substitute ff =fimax = Msn, eliminate 


HM, = tan @ —-————_ 
F, between the two equations, and mg cos 0 
solve for 44: 
Substitute numerical values and _ . 200N 
H, = tan30° —-2=—_.—___ 
evaluate £4: (800 N)cos30° 
=| 0.289 
(b) Find fimax from the x-direction Fomax = mg sin@—F 
force equation: 
Substitute numerical values and Lae = (800 N)sin3 0° -200N 
evaluate fo. max: = 200N 
If the block is on the verge of — fe max + fF —mgsin@ =0 
sliding up the incline, fE max must act 
down the incline. The x-direction 
force equation becomes: 
Solve the x-direction force equation F=mgsinO+ fy nox 
for F: 
Substitute numerical values and F =(800N)sin30° + 200 N =| 600N 
evaluate F’: 
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Picture the Problem The path of the particle is a circle if r is a constant. Once we have 
shown that it is, we can calculate its value from its components. The direction of the 
particle’s motion can be determined by examining two positions of the particle at times 
that are close to each other. 


(a) and (4) Express the magnitude of r=,/r°+r- 


r in terms of its components: 


Evaluate r with r, =—10 mcos ft and fe VIC 10m)cos at]? " [(10m)sin at |’ 


r, = 10 m sinat: 
-[To0m] 
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(c) Evaluate r, and r, at t= 0s: k= (10m )cos 0° =-10m 
r= (10m)sin r=) 


Evaluate r, and r, at ¢= At, where At r, = -(10m)cos @At ~ -(10m)cos0° 
is small: =-10m 


r= (1 0 m)sin ot 
= Ay where Ay is positive 


and | the motion is clockwise 


(d) Differentiate r with respect to Vv =dr/dt 
oe eee = [(10asin ot) m] i +[(10@cos at mn] j 
Use the components of V to find its y=. be +7" 
x y 
speed: 


= 4 [(10@sin ot m]’ + [(10@cos at )m]? 
(10m)o = (10m\2s") 


II 


=| 20.0m/s 
(e) Relate the period of the particle’s T= 2ar = 27(10m) _ Ea 
motion to the radius of its path and v 20m/s 
its speed: 
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Picture the Problem The free-body 
diagram shows the forces acting on the 
crate of books. The kinetic friction force 
opposes the motion of the crate up the 
incline. Because the crate is moving at 
constant speed in a straight line, its 
acceleration is zero. We can determine F’ 
by applying Newton’s 2™ law to the crate, 
substituting for f,, eliminating the normal 


force, and solving for the required force. 


Apply )\ F = md to the crate, with > F, =F cos@- f, —mgsin@ =0 


both a, and a, equal to zero, to the and 
crate: > F, =F —Fsin@—mgcosé@ =0 


360 Chapter 5 


Substitute ./, for f, and eliminate pals (sind + 4, cos0) 
F,, to obtain: cos@— uw, sin@ 


Substitute numerical values and evaluate F: 


(100kg)(9.81 m/s? ](sin30° + (0.5)cos30°) 
Ps =| 1.49kN 
cos30° — (0.5)sin30° 
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Picture the Problem The free-body 
diagram shows the forces acting on the 
object as it slides down the inclined plane. 
We can calculate its speed at the bottom of 
the incline from its acceleration and 
displacement and find its acceleration from 


Newton’s 2" law. 


Using a constant-acceleration Vv’ =v) + 2aAx 

equation, relate the initial and final Because vy) =0, v = J 2aAx (1) 
velocities of the object to its 

acceleration and displacement: solve 

for the final velocity: 


Apply iF = ma to the sliding DF, =—f, +mgsin@ = ma 


object: and 
DF, = F, —mgcosé =0 


Solve the y equation for F,, and a= g(sin@ — LU, COS 6) (2) 
using fk = 44 n, eliminate both F, 

and /, from the x equation and solve 

for a: 


Substitute equation (2) in equation y= af 2 g(sin 0 — 14, COS 0)Ax 
(1) and solve for v: 


Substitute numerical values and evaluate v: 


v = |2(9.81m/s? )(sin 30° - (0.35)cos30°)(72m) =16.7 m/s and | (d)is correct. 
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Picture the Problem The free-body 
diagram shows the forces acting on the 
brick as it slides down the inclined plane. 
We’ll apply Newton’s 2" law to the brick 
when it is sliding down the incline with 
constant speed to derive an expression for 
/& in terms of @. We’ll apply Newton’s 2™ 
law a second time for = 9, and solve the 
equations simultaneously to obtain an 
expression for a as a function of & and &. 


Apply > F = ma to the brick 


when it is sliding with constant 
speed: 


Solve the y equation for F, and 
using fc = 4k, eliminate both F, 
and f, from the x equation and solve 
for Lk: 


Apply iF = ma to the brick when 
0= 0: 


Solve the y equation for F,, use 

Jk = LF, to eliminate both F, and f, 
from the x equation, and use the 
expression for 4 obtained above to 
obtain: 
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Applications of Newton’s Laws 361 


* 
Fy 
LO hk 
ae \ 
0 
\ 


> F, =—f, +mgsin@, =0 
and 


DF, = F, —mgcos@, =0 


i, = tan, 


> F, =—f, t+mgsin@, = ma 


and 


Dy = F —mgcos0, =0 


a = g(sin@, — tan, cos@, ) 


Picture the Problem The fact that the object is in static equilibrium under the influence 


of the three forces means that F it F a+ F 3 — 0. Drawing the corresponding force 


triangle will allow us to relate the forces to the angles between them through the law of 


sines and the law of cosines. 
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(a) Using the fact that the object is 
in static equilibrium, redraw the 
force diagram connecting the forces 
head-to-tail: 


Apply the law of sines to the 
triangle: 


Use the trigonometric identity 
sin(z— @) = sina to obtain: 


(b) Apply the law of cosines to the 
triangle: 


Use the trigonometric identity 
cos(z— a) = -cosa@ to obtain: 


109 e 

Picture the Problem We can calculate the 
acceleration of the passenger from his/her 
speed that, in turn, is a function of the 
period of the motion. To determine the 
longest period of the motion, we focus our 
attention on the situation at the very top of 
the ride when the seat belt is exerting no 
force on the rider. We can use Newton’s 
2™ law to relate the period of the motion to 
the acceleration and speed of the rider. 


(a) Because the motion is at 
constant speed, the acceleration is 
entirely radial and is given by: 


Express the speed of the motion of 
the ride as a function of the radius 
of the circle and the period of its 
motion: 


sin(z — 6,;) ~ sin(z —6,,) . sin(z —6,,) 


Les ee 
sin8,, sin@, sin8@, 


F? = F) + F) -2F,F, cos(z — 6,;) 


F’ =F) + Fj +2F,F,cos6,, 


y 
a, =— 
r 
Qnar 
v= 
T 


Substitute in the expression for a, to 
obtain: 


Substitute numerical values and 
evaluate ag: 


(b) Apply iF = ma to the 


passenger when he/she is at the top 
of the circular path and solve for a.: 


Relate the acceleration of the 
motion to its radius and speed and 
solve for v: 


Express the period of the motion as 
a function of the radius of the circle 
and the speed of the passenger and 

solve for Tin: 


Substitute numerical values and 
evaluate T,,: 
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Ee 
ft aie 


Remarks: The rider is “weightless” under the conditions described in part (b). 
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Picture the Problem The pictorial 
representation to the right shows the cart 
and its load on the inclined plane. The load 
will not slip provided its maximum 
acceleration is not exceeded. We can find 
that maximum acceleration by applying 
Newton’s 2" law to the load. We can then 
apply Newton’s 2” law to the cart-plus- 
load system to determine the tension in the 
rope when the system is experiencing its 
maximum acceleration. 
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Draw the free-body diagram for the <n 
cart and its load: Fa a 
=~ 
T 
“~ 
a“ 
(m, + m)g 
Apply dF. =ma,, to the cart plus L= (m, +m, \g sin 0 = (m, +My, Jas (1) 
its load: 
Draw the free-body diagram for the x 
load of mass m on top of the cart: F, - Ps 
i 
= 
a“ 
mg 
Apply iF = mda to the load on DF, = fo max ~ M,Z 81N 8 = M44, 
top of the cart: and 
> F, =Fi2 —m,g 0080 =0 
Using fimax = LsFn2, eliminate F,,2 Ang = Zu, COSA — sin 6) (2) 


between the two equations and solve 
for the maximum acceleration of the 
load: 


Substitute equation (2) in equation T= (m, +m, Jeu, cos@ 
(1) and solve for T: 
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Picture the Problem The free-body 
diagram for the sled while it is held 
stationary by the static friction force is 
shown to the right. We can solve this 
problem by repeatedly applying Newton’s 
2™ law under the conditions specified in 
each part of the problem. 


(a) Apply >, =ma,, to the sled: 


Solve for Fy: 


Substitute numerical values and 
evaluate F,: 


(b) Apply DF, = ma, to the sled: 


Solve for f: 


Substitute numerical values and 
evaluate fj: 


(c) Draw the free-body diagram for 
the sled when the child is pulling on 


the rope: 


Apply > F = ma to the sled to 


determine whether it moves: 


Solve the y-direction equation for 
Fas: 


Substitute numerical values and 
evaluate F,1: 


Express fi.max: 


Use the x-direction force equation to 


evaluate Fret: 
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F.,-—m gcosé =0 


n, 


F., =mgcosé 


F,, =(200N)cos15° =| 193N 


f,-—mgsin@ =0 


tf, =megsing 


f, = (200N)sin 15° =| 51.8N 


Se, = ye, 
= F'cos30°—mg sind = fi max 


and 


> F, =F, + Fsin30°— mg cos6 = 0 
F,, =—F'sin30° +m gcosé 


F,,, =-(100N)sin 30° + (200N)cos15° 
=143N 


Famax = MsEn,1 = (0.5)(143 N) 
=71.5N 


Fret = (100 N)cos30° — (200 N)sin15° 
~71.5N 
=-36.7N 
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Because the net force is negative, 
the sled does not move: 


(d) Because the sled does not move: 


(e) Draw the FBD for the child: 


Express the net force F, exerted on 
the child by the incline: 


Noting that the child is stationary, 
apply > F = ma to the child: 


Solve the x equation for f, ma, and the 
y equation for Fy): 


Substitute numerical values and 
evaluate F’, and Fy: 


Substitute numerical values in 
equation (1) and evaluate F: 
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J, is undetermined 


4, is undetermined 


i = Fs + fonax (1) 
ME = feomax —£ C0830° — mg sin 15° 
=0 


and 
> F, = Fy —mgsin 15° - F sin 30° = 0 


Joomax = F cos30° +m,gsin15° 


and 
F., = m,gsin15° + F'sin30° 


fmax = (500 N)cos 30° + (100 N)sin 15° 


=459N 
and 
F., = (100N)sin 15° + (500 N)sin 30° 
=276N 


F, =,|(276N)’ +(459N) = 


Picture the Problem Let v represent the speed of rotation of the station, and r the 
distance from the center of the station. Because the O’Neill colony is, presumably, in 
deep space, the only acceleration one would experience in it would be that due to its 


rotation. 
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(a) Express the acceleration of a=Vir 
anyone who is standing inside the 
station: 


This acceleration is directed toward the axis of rotation. If someone inside the station 
drops an apple, the apple will not have any forces acting on it once released, but will 
move along a straight line at constant speed. However, from the point of view of our 
observer inside the station, if he views himself as unmoving, the apple is perceived to 
have an acceleration of mv’/r directed away from the axis of rotation (a "centrifugal" 
force). 


(6) Each deck must rotate the central Inr 
axis with the same period T. Relate eS T 
the speed of a person on a particular 

deck to his/her distance r from the 


center: 


Express the "acceleration of vy Arr 
gravity" perceived by someone a == r 
distance r from the center: E 

i.e., the" acceleration due to 


gravity" decreases as r decreases. 


(c) Relate the desired acceleration An?r 
to the radius of Babylon 5 and its a= p? 
period: 

Solve for 7: a Aner 


Substitute numerical values and 


evaluate T: 4° 03mix eee) 


mi 


i 
\ 9.8m/s* 
= 44.15 =0.735 min 


Take the reciprocal of this time to T= 
find the number of revolutions per 

minute Babylon 5 has to make in 

order to provide this "earth-like” 

acceleration: 


1.36rev/ min 
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Picture the Problem The free-body 
diagram shows the forces acting on the 
child as she slides down the incline. We’ Il 
first use Newton’s 2" law to derive an 
expression for 44 in terms of her 
acceleration and then use Newton’s 2™ law 
to find her acceleration when riding the 
frictionless cart. Using a constant- 
acceleration equation, we’ ll relate these 
two accelerations to her descent times and 
solve for her acceleration when sliding. 
Finally, we can use this acceleration in the 
expression for si. 


Apply iF = m@ to the child as 


she slides down the incline: 


Using fc = Fn, eliminate f, and F, 
between the two equations and solve 
for LK: 


Apply > F, = ma, to the child as 


she rides the frictionless cart down 
the incline and solve for her 
acceleration a: 


Letting s represent the distance she 
slides down the incline, use a 
constant-acceleration equation to 
relate her sliding times to her 
accelerations and distance traveled 
down the slide : 


Equate these expressions, substitute 
t) = +t, and solve for ay: 


> F, = mg sin30°— f, = ma, 


and 


> F, =F, —mg cos30° = 0 


i, = tan 30° — “1 


(1) 


gcos30° 


mg sin 30° = ma, 


and 
a, = gsin30° 


=4.91m/s* 


2 
S=Vt, + 5a,t, where v, =0 
and 

2 
S=Vot, +5@,t, where v, =0 


a, =ta, =+gsin30° =1.23m/s" 


4 
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Evaluate equation (1) with ~ tan 30° 1.23 m/s? 
a = 1.23 m/s”: ‘“ (9.81m/s? )cos30° 


- [083] 
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Picture the Problem The path of the particle is a circle if r is a constant. Once we have 
shown that it is, we can calculate its value from its components and determine the 
particle’s velocity and acceleration by differentiation. The direction of the net force 
acting on the particle can be determined from the direction of its acceleration. 


(a) Express the magnitude of r in r=.f[re+r? 
x y 
terms of its components: 
Evaluate r with r, = Rsina@t and ez VR sin at | i [R cos at |’ 
ry = Reos at: 


=|R? (sin? +cos” wt) =R=40m 
.. the path of the particle is a circle 
centered at the origin. 


(b) Differentiate r with respect to v =dr/dt= [Ro cos ot| i 
time to obtain V : 


+[-Rosinat]j 


[(8 cos 27t)m/s| i 
—|(8zsin 2nt)m/s|j 
_ Vv v 8zcosat 
Express the ratio >: X= : =—cotat 
vy v, —8zsinot 
Reosat 
Express the ratio — y : 22 ———— = -cotot 
x x Rsinot 
vy. _ 
v, x 
(c) Differentiate V with respect to a =dv/dt 


time to obtain a: 


[(-167?m/s? )sin woe] i 
+ (-167m/s? }cos otlj 
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na 
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Factor —47’/s* from @ to obtain: i= (- An? /s? NG sin ot)i + (4 COs ot)j| 


= (—427/s?)F 


Because 4d is in the opposite direction from 
r, it is directed toward the center of the 


circle in which the particle is traveling. 


2. 2 2 

Find the ratio _ yey 162’ m/s* =a 
r r 4m 

(d) Apply iF = ma to the particle: Fy, =ma= (0.8kg)l 67° m/s) 


-[1RW] 


Because the direction of F.,, is the F 


net 


is toward the center of the circle. 


net 


same as that of a: 
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Picture the Problem The free-body 
diagram showing the forces acting on a 
rider being held in place by the maximum 
static friction force is shown to the right. 
The application of Newton’s 2 law and the 
definition of the maximum static friction 
force will be used to determine the period T 
of the motion. The reciprocal of the period 
will give us the minimum number of 


revolutions required per unit time to hold 
the riders in place. 


—_ _ : 2 
Apply YF = ma to the riders wa af = a 
while they are held in place by F 
friction: and 
DF, = hese — mg =0 

. 2nr r 

Using I cane = He, and v = ? T=2n we 
> T g 


eliminate F, between the force 
equations and solve for the period of 
the motion: 


Substitute numerical values and 
evaluate T: 


The number of revolutions per 
minute is the reciprocal of the period 
in minutes: 
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Picture the Problem The free-body 
diagrams to the right show the forces 
acting on the blocks whose masses are m 
and m. The application of Newton’s 2™ 
law and the use of a constant-acceleration 


equation will allow us to find a relationship 


between the coefficient of kinetic friction 
and m. The repetition of this procedure 
with the additional object on top of the 
object whose mass is m, will lead us to a 
second equation that, when solved 
simultaneously with the former equation, 


leads to a quadratic equation in m,. Finally, 


its solution will allow us to substitute in an 


expression for 4 and determine its value. 


Using a constant-acceleration 
equation, relate the displacement of 
the system in its first configuration 
as a function of its acceleration and 
fall time: 


Solve for a: 


Substitute numerical values and 
evaluate a: 


Apply dF. = ma, to the object 


whose mass is m2 and solve for 7}: 
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(nore Mek) 
9.81m/s 


= 2.54s = 0.00423 min 


23.6rev/min 


Ax = v,At+4a,(Aty 


or, because vo = 0, 


Ax =4a,(Aty 
1 a 2k 
1 (Ary 
lls m) = 4.46 m/s? 
(0.82s) 


* 
Mog 
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Substitute numerical values and T, =(2.5 kg\(9.8 Im/s’ — 4.46 m/s’) 
evaluate 7): —13.375N 

Apply > F = ma to the object >, =T, -f, =m, 

whose mass is m: and 


Dye =F. ,-mg =0 


Using fc = Fn, eliminate F, 7, -#,m,g =m,a, (1) 
between the two equations to obtain: 


Find the acceleration a, for the a, = as = 2(I BS, m) = 1795 mie 
second run: (At) (I 3 s) 
Evaluate 7>: T, =m,(g-a) 
= (2.5kg)(9.81 m/s? -1.775 m/s?) 
= 20.1N 
Apply ye = ma, to the 1.2-kg T, — My (m, +1.2kg)g (2) 
object in place: = (m, + 1.2kg)a, 
Solve equation (1) for /4: jee T,-—ma, 3) 
mgs 
Substitute for 44 in equation (2) and 2.685m; +9.947m, —16.05 =0 


simplify to obtain the quadratic 
equation in m: 


Solve the quadratic equation to m, =(—1.85+3.07)kg > m, =| 1.22kg 


obtain: 


Substitute numerical values in ~13373N- (1 22 kg)(4.66 m/s?) 
mM (1.22kg)(9.81m/s") 


- [068] 


equation (3) and evaluate 44: 
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Picture the Problem The diagram shows a 
point on the surface of the earth at latitude 
@. The distance R to the axis of rotation is 
given by R =rcos@ We can use the 
definition of centripetal acceleration to 
express the centripetal acceleration of a 
point on the surface of the earth due to the 


rotation of the earth. 


2 


a) Referring to the figure, express 
id) e e P a =< where R = reosd 


Cc 


a, for a point on the surface of the 
earth at latitude @: 


Express the speed of the point due sie 27aR 
to the rotation of the earth: T 
where 7 is the time for one revolution. 


Substitute for v in the expression for An’rcosO 
a, =———_ 
a, and simplify to obtain: ° i 
Substitute numerical values and _ An? (6370 km)cos 7] 


<— 


evaluate a.: 


[(24h)(3600s/h)]? 
(3 .37cm/s” Jeos 6, toward the 


earth's axis. 


(b) 


A stone dropped from a hand at a location on earth. The effective weight of 


the stone is equal to ma where @,, .u.¢ 1S the acceleration of the falling stone 


st, surf > 
(neglecting air resistance) relative to the local surface of the earth. The 


gravitational force on the stone is equal to ma where G,, ,.,.. 1S the 


st,iner ? st, iner 


acceleration of the local surface of the earth relative to the inertial frame 
(the acceleration of the surface due to the rotation of the earth). Multiplying 


through this equation by m and rearranging gives m@,, ...¢ =A, mor — MA gure inor> 


which relates the apparent weight to the acceleration due to gravity and the 


acceleration due to the earth's rotation. A vector addition diagram can be used 


to show that the magnitude of ma,, ,.,,; is slightly less than that of ma 


st, iner* 
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(c) At the equator, the gravitational 
acceleration and the radial 
acceleration are both directed 
toward the center of the earth. 
Therefore: 


At latitude @ the gravitational 
acceleration points toward the 
center of the earth whereas the 
centripetal acceleration points 
toward the axis of rotation. Use the 
law of cosines to relate gem, g, and 


Ac: 


Substitute for @ ge, and a, and 
simplify to obtain the quadratic 
equation: 


Solve for the physically meaningful 
(i.e., positive) root to obtain: 
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Picture the Problem The diagram shows 
the block in its initial position, an 
intermediate position, and as it is 
separating from the sphere. Because the 
sphere is frictionless, the only forces acting 
on the block are the normal and 
gravitational forces. We’ll apply Newton’s 
2™ law and set F,, equal to zero to 
determine the angle @ at which the block 
leaves the surface. 


Taking the inward direction to be 
positive, apply FE = ma, to the 
block: 


Apply the separation condition to 
obtain: 


Solve for cos@,: 


Apply LA = ma, to the block: 


g = gett +a, 
= 978cm/s* + (3.37 cm/s” Jeos0° 
=| 981.4cm/s” 


Sin = ZB +a. —2ga, cosO 


g’ —(4.75 cm/s? )g — 962350cm?/s* = 0 


Vv 
mecos@—F. =m— 
& n R 


2 

Vv 
mg cos @. =m— 
2 i R 


2 
Vv 
cos 0. = — 1 
= aR (1) 


mg sin 8 = ma, 


or 


Multiply the left-hand side of the 
equation by one in the form of 
d@d@ and rearrange to obtain: 


Relate the arc distance s the block 
travels to the angle @ and the radius 
R of the sphere: 


Substitute to obtain: 


Separate the variables and integrate 
from v’ = 0 to vand 0=0 to @,: 


Substitute in equation (1) to obtain: 


Solve for and evaluate 0,: 
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dv ; 
a, =—=gsind 

dt 
Note that a is not constant and, hence, we 
cannot use constant-acceleration equations. 


dv dé 
—— = gsin0d 
dt do 

and 

dé dv 
——=gsin0 
dt dé 


eee dO _ 1 ds_v 
R dt Rdt R 
where v is the block’s instantaneous speed. 


+ & = gsind 


a 
vidv'= gk{ sin 10 
0 


o—~< 


or 


v? = 2gR(1—cos@.) 


2gR(1—cos@,) 
gR 
= 2(1—-cos 8, ) 


cos 0, = 


0, = cos"( =| 48.2° 
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Chapter 6 
Work and Energy 


Conceptual Problems 


#1 
Determine the Concept A force does work on an object when its point of application 
moves through some distance and there is a component of the force along the line of 
motion. 


(a) False. The net force acting on an object is the vector sum of all the forces acting on 
the object and is responsible for displacing the object. Any or all of the forces 
contributing to the net force may do work. 


(b) True. The object could be at rest in one reference frame and moving in another. If we 
consider only the frame in which the object is at rest, then, because it must undergo a 
displacement in order for work to be done on it, we would conclude that the statement is 
true. 


(c) True. A force that is always perpendicular to the velocity of a particle changes neither 
it’s kinetic nor potential energy and, hence, does no work on the particle. 


2 ° 
Determine the Concept If we ignore the work that you do in initiating the horizontal 
motion of the box and the work that you do in bringing it to rest when you reach the 
second table, then neither the kinetic nor the potential energy of the system changed as 
you moved the box across the room. Neither did any forces acting on the box produce 
displacements. Hence, we must conclude that the minimum work you did on the box is 
ZeTO. 


3 ° 
False. While it is true that the person’s kinetic energy is not changing due to the fact that 
she is moving at a constant speed, her gravitational potential energy is continuously 
changing and so we must conclude that the force exerted by the seat on which she is 
sitting is doing work on her. 


*4 e 
Determine the Concept The kinetic energy of any object is proportional to the square of 
its speed. Because K = imv’, replacing v by 2v yields 


K'= 4m(2vy’ = a( mv") = 4K. Thus doubling the speed of a car quadruples its kinetic 


energy. 


av 


372 Chapter 6 


5 e 
Determine the Concept No. The work done on any object by any force F is defined as 


dW =F -dr . The direction of F,,, is toward the center of the circle in which the object 


is traveling and dr is tangent to the circle. No work is done by the net force because 


F., and dr are perpendicular so the dot product is zero. 


6 e 
Determine the Concept The kinetic energy of any object is proportional to the square of 
its speed and is always positive. Because K = 1mv’, replacing v by 3v yields 


K'= 4m(v) = 9(4 mv?) = 9K. Hence tripling the speed of an object increases its 


kinetic energy by a factor of 9 and | (d) is correct. 


*7 e 
Determine the Concept The work required to stretch or compress a spring a distance x is 
given by W = 7 kx? where k is the spring’s stiffness constant. Because W « x’, doubling 


the distance the spring is stretched will require four times as much work. 


8 ° 
Determine the Concept No. We know that if a net force is acting on a particle, the 
particle must be accelerated. If the net force does no work on the particle, then we must 
conclude that the kinetic energy of the particle is constant and that the net force is acting 
perpendicular to the direction of the motion and will cause a departure from straight-line 
motion. 


9 e 
Determine the Concept We can use the definition of power as the scalar product of 
force and velocity to express the dimension of power. 


Power is defined as: P=F.v 

Express the dimension of force: [M][L/T?] 

Express the dimension of velocity: [L/T] 

Express the dimension of power in [M][L/T?][L/T] = [MI[LV/[TP 


terms of those of force and velocity: and | (d) is correct. 
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10° 

Determine the Concept The change in gravitational potential energy, over elevation 
changes that are small enough so that the gravitational field can be considered constant, is 
mgAh, where Ah is the elevation change. Because Ah is the same for both Sal and Joe, 


their gains in gravitational potential energy are the same. | (c) is correct. 


11 
(a) False. The definition of work is not limited to displacements caused by conservative 
forces. 


(b) False. Consider the work done by the gravitational force on an object in freefall. 
(c) True. This is the definition of work done by a conservative force. 


*12 ee 
Picture the Problem F’, is defined to be the negative of the derivative of the potential 
function with respect to x; i.e., F, =—dU/dx. 


(a) Examine the slopes of the curve at 
each of the lettered points, remembering 
that F,, is the negative of the slope of the 
potential energy graph, to complete the 
table: 


(b) Find the point where the slope is 
steepest: At point C 


(c) If d°U/dx* < 0, then the curve is At point B the equilibrium is unstable. 


concave downward and the 


FP, 


is greatest. 


equilibrium is unstable. 


If d°U/dx” > 0, then the curve is At point D the equilibrium is stable. | 
concave upward and the equilibrium 


is stable. 


Remarks: At point F, d’U/dx* = 0 and the equilibrium is neither stable nor unstable; 
it is said to be neutral. 
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13. 
(a) False. Any force acting on an object may do work depending on whether the force 
produces a displacement ... or is displaced as a consequence of the object’s motion. 


(b) False. Consider an element of area under a force-versus-time graph. Its units are N-s 
whereas the units of work are N-m. 


14 
Determine the Concept Work dw(= F -ds ) is done when a force F produces a 


displacement ds. Because F - ds = Fdscos 0 =(F cos@)ds, W will be negative if the 


value of @is such that Fcos@is negative. | (d) is correct. 


Estimation and Approximation 


*15 oe 

Picture the Problem The diagram depicts the situation when the tightrope walker is at 
the center of rope. M represents her mass and the vertical components of tensions 

T, and r. equal in magnitude, support her weight. We can apply a condition for static 
equilibrium in the vertical direction to relate the tension in the rope to the angle @ and use 
trigonometry to find s as a function of @. 


(a) Use trigonometry to relate the 
sag s in the rope to its length L and 


0: 
Apply » E = Oto the tightrope 2T sin 0 — Mg = 0 where T is the 
walker when she is at the center of magnitude of T, and T, : 


the rope to obtain: 


Solve for @to obtain: 
A= sin'( #2) 


Substitute numerical values and be i (50 kg)(9. 81m /s?) 


F =2.81° 
evaluate 0: 2(5000 N) 8 
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Substitute to obtain: 10m “ 
S= Soe 2.81° =| 0.245m 


(b) Express the change in the AU =U, center ~U eng = MgAy 
tightrope walker’s gravitational 
potential energy as the rope sags: 
Substitute numerical values and AU = (50 kg)(9.81m/s? \(- 0.245 m) 
evaluate AU: 

=| -120J 
16 


Picture the Problem You can estimate your change in potential energy due to this 
change in elevation from the definition of AU. You’ll also need to estimate the height of 
one story of the Empire State building. We’ll assume your mass is 70 kg and the height of 
one story to be 3.5 m. This approximation gives us a height of 1170 ft (357 m), a height 
that agrees to within 7% with the actual height of 1250 ft from the ground floor to the 
observation deck. We’ll also assume that it takes 3 min to ride non-stop to the top floor in 
one of the high-speed elevators. 


(a) Express the change in your AU =mgAh 
gravitational potential energy as you 
ride the elevator to the 102™ floor: 


II 


Substitute numerical values and AU 


70kg)(9.81m/s? )(357m 
evaluate AU: ( a) i ) 


=| 245kJ 


(b) Ignoring the acceleration W =Fh=AU 
intervals at the beginning and the 

end of your ride, express the work 

done on you by the elevator in terms 

of the change in your gravitational 

potential energy: 


Solve for and evaluate F: AU 245kJ 
F =— =—— =| 686N 
aa 
(c) Assuming a 3 minute ride to the p AU IASkJ 
top, express and evaluate the he (3 min) (60 : /min) 


average power delivered to the 
elevator: =| 1.36kW 
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Picture the Problem We can find the kinetic energy K of the spacecraft from its 
definition and compare its energy to the annual consumption in the U.S. W by examining 
the ratio K/W. 


Using its definition, express and K =1mv? =4(10000kg\(3x10’ m/s)° 
evaluate the kinetic energy of the a oe ( g)( — ) 
spacecraft: = 4.50x10" J 

Express this amount of energy as a K 4.50x10!°j 

percentage of the annual E = 5x10" J =|1% 


consumption in the United States: 


*18 ee 

Picture the Problem We can find the orbital speed of the Shuttle from the radius of its 
orbit and its period and its kinetic energy from K = 1mv’. We’ll ignore the variation in 
the acceleration due to gravity to estimate the change in the potential energy of the orbiter 
between its value at the surface of the earth and its orbital value. 


(a) Express the kinetic energy of the K= tmv? 

orbiter: 

Relate the orbital speed of the oe 2mr 

orbiter to its radius r and period T: T 

Substitute and simplify to obtain: Qar\  2n2mr2 
Keim) op 


Substitute numerical values and evaluate K: 


_ 2*(8x10* kg)[(200 mi + 3960 mi) (1.609 km/mi)]” _ 


- [(90 min)(60s/ min)]? 


2.43 TJ 


(b) Assuming the acceleration due AU =mgh 
to gravity to be constant over the 

200 mi and equal to its value at the 

surface of the earth (actually, it is 

closer to 9 m/s’ at an elevation of 

200 mi), express the change in 

gravitational potential energy of the 

orbiter, relative to the surface of the 

earth, as the Shuttle goes into orbit: 
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Substitute numerical values and AU = (8 x10* kg)(9.81m/s?) 
evaluate AU: x (200 mi)(1.609 km/mi) 
=| 0.253TJ 


No, they shouldn't be equal because there is more than just the force of 
gravity to consider here. When the shuttle is resting on the surface of 
the earth, it is supported against the force of gravity by the normal force 
(©) the earth exerts upward on it. We would need to take into consideration 
the change in potential energy of the surface of earth in its deformation 


under the weight of the shuttle to find the actual change in potential energy. 
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Picture the Problem Let’s assume that the width of the driveway is 18 ft. We’ll also 
assume that you lift each shovel full of snow to a height of 1 m, carry it to the edge of the 
driveway, and drop it. We’ll ignore the fact that you must slightly accelerate each shovel 
full as you pick it up and as you carry it to the edge of the driveway. While the density of 
snow depends on the extent to which it has been compacted, one liter of freshly fallen 
snow is approximately equivalent to 100 mL of water. 


Express the work you do in lifting W =AU = gh = Pero Venow GN 


he snow a distance h: : ; 
: porn vern where p is the density of the snow. 


Using its definition, express the 


densities of water and snow: Riga A Pee 
a Vig 
Divide the first of these equations Doe Vici an 
oo SS. = or — ——. 
by the second to obtain: Dew Vow Psnow = Pwater = 
Substitute and evaluate the P.now: PZ ( 0? ko/ = 100kg feat 
Calculate the volume of snow 10 
covering the driveway: |, (50 ft)(18 ft) re 
3 3 
— 750 ft? x a 7 10° m 
ft L 

= 21.2m° 
Substitute numerical values in the W= (100 kg/m? J(2 1.2m? J(o. 81m/s2 )(1m) 
expression for W to obtain an 
estimate (a lower bound) for the =| 20.8kJ 


work you would do on the snow in 
removing it: 


378 Chapter 6 
Work and Kinetic Energy 


*20 ° 
Picture the Problem We can use 4mv° to find the kinetic energy of the bullet. 


(a) Use the definition of K: K= 
= 4(0.015kg)(1.2x10° m/s)” 


=| 10.8kJ 
2 ' 
(b) Because K « v*: K'=41K =| 2.70kJ 
(c) Because K x v’: K’ =4K =| :43.2k) 


21 
Picture the Problem We can use +mv° to find the kinetic energy of the baseball and the 


NR 
3 
< 


jogger. 
(a) Use the definition of K: K =1mv’ = 4(0.145 kg)(45 m/s)’ 
=|147J 
(b) Convert the jogger’s pace of 1mi \/ 1min \{ 1609m 
9 min/mi into a speed: aa 9min }\ 60s 1mi 
= 2.98m/s 
Use the definition of K: K =1mv’ = 1+(60 kg)(2.98 m/s)’ 


-[ 2387] 


22. ° 

Picture the Problem The work done in raising an object a given distance is the product 
of the force producing the displacement and the displacement of the object. Because the 
weight of an object is the gravitational force acting on it and this force acts downward, 
the work done by gravity is the negative of the weight of the object multiplied by its 
displacement. The change in kinetic energy of an object is equal to the work done by the 
net force acting on it. 


(a) Use the definition of W: W=F. Ay = FAy 
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= (80 N)(3 m) = 


(b) Use the definition of W: W=F.- Ay =-mgAy, because F and 
Ay are in opposite directions. 
.. W=— (6 kg)(9.81 m/s*)(3 m) 


=|-177J 


(c) According to the work-kinetic K=W+ W, = 240J + (-177 J) 
energy theorem: = | 63.0J 
23. ¢ 


Picture the Problem The constant force of 80 N is the net force acting on the box and 
the work it does is equal to the change in the kinetic energy of the box. 
Using the work-kinetic energy W =K, —-K, = Lm(v? —v? ) 
theorem, relate the work done by the 

constant force to the change in the 

kinetic energy of the box: 


Substitute numerical values and W= 1(5 kg)|(68 m/s) = (20 m/s) | 
evaluate W: _|40.6k) 
*24 ee 
Picture the Problem We can use the definition of kinetic energy to find the mass of your 
friend. 
Using the definition of kinetic imy; =4m,v; 
energy and letting "1" denote your 
mass and speed and "2" your aad 
girlfriend’s, express the equality of 2 
Vv 
your kinetic energies and solve for m, = mf (1) 
eee Vv 
your girlfriend’s mass as a function 7 
of both your masses and speeds: 
Express the condition on your speed V2 = 1.25v, (2) 


that enables you to run at the same 
speed as your girlfriend: 
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Substitute equation (2) in equation V, ¥ 
(1) to obtain: m, =m,| —- | =(85kg)) — 


Work Done by a Variable Force 


25 
Picture the Problem The pictorial representation shows the particle as it moves along 
the positive x axis. The particle’s kinetic energy increases because work is done on it. We 
can calculate the work done on it from the graph of F, vs. x and relate its kinetic energy 
when it is at x = 4m to its kinetic energy when it was at the origin and the work done on 
it by using the work-kinetic energy theorem. 


=0 = 


} x,m 
0 4 
x9 =0 x4=4m 
Vo =2™%s W4=? 
(a) Calculate the kinetic energy of K, =imv’ = 1(3 kg)(2 m/s)* 


the particle when it is at x = 0: 


(b) Because the force and W,.4 = +(base)(altitude) 
displacement are parallel, the work =1(4m)(6N) 
done is the area under the curve. 

=/12.0J 
Use the formula for the area of a 12.05 | 


triangle to calculate the area under 
the F as a function of x graph: 


(c) Express the kinetic energy of the 2K, 

particle at x = 4 m in terms of its Ya = m ” 
speed and mass and solve for its 

speed: 

Using the work-kinetic energy Wo>4 = K4— Ko 

theorem, relate the work done on the K, = Ky +Wo_,, = 6.00J +12.0J 
particle to its change in kinetic =18.0J 


energy and solve for the particle’s 
kinetic energy at x = 4m: 
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Substitute numerical values in 2(18.0 J ) 
equation (1) and evaluate v4: V4 =  3ke =| 3.46 m/s 


*26 ee 
Picture the Problem The work done by this force as it displaces the particle is the area 
under the curve of F as a function of x. Note that the constant C has units of N/m’. 


. . as 3m 

Because F varies with position non- 3 Boas 

| , W =(CNim’) fx" dx 

linearly, express the work it does as . 

an integral and evaluate the integral . ee 
= 1y! 

between the limits x = 1.5 m and = (c N/m [x 15m 

x=3m: (c N/m’) r ‘ 
= +——~|(3m) —(1.5m 

A [(em)* -(.5m)'] 

=|19CJ 


27 ee 

Picture the Problem The work done on the dog by the leash as it stretches is the area 
under the curve of F as a function of x. We can find this area (the work Lou does holding 
the leash) by integrating the force function. 


Because F varies with position non- 

| | w={ 
linearly, express the work it does as : 
an integral and evaluate the integral 
between the limits x = 0 and x = x: 


28 ee 
Picture the Problem The work done on an object can be determined by finding the area 
bounded by its graph of F, as a function of x and the x axis. We can find the kinetic 
energy and the speed of the particle at any point by using the work-kinetic energy 
theorem. 


(a) Express W, the area under the W = n Agquare 
curve, in terms of the area of one 

square, Agquare. and the number of 

squares n: 


Determine the work equivalent of W = (0.5 N)(0.25 m) = 0.125 J 


one square: 
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Estimate the number of squares 
under the curve between x = 0 and 
x=2m: 


Substitute to determine W: 


(b) Relate the kinetic energy of the 
object at x = 2 m, Ko, to its initial 
kinetic energy, Ko, and the work that 
was done on it between x = 0 and 
xX=2m: 


(c) Calculate the speed of the object 
at x = 2 m from its kinetic energy at 
the same location: 


(d) Estimate the number of squares 
under the curve between x = 0 and 
xX=4m: 


Substitute to determine W: 


(e) Relate the kinetic energy of the 
object at x = 4m, K,, to its initial 
kinetic energy, Ko, and the work that 
was done on it between x = 0 and 
x=4m: 


Calculate the speed of the object at 
x = 4m from its kinetic energy at 


the same location: 


#29 oe 


nw 22 


W = 22(0.125 J) =| 2.75) 


K, =K,+W, 


052 


= 1(8kg)(2.40m/s)’ + 2.75J 


— {2K, _ [2(01.45) _ 
y= PR = PS) _ [orem 


nx 26 


W =26(0.125J)= 


K, = Ky +Wo 4 
= 1(3kg)(2.40 m/s) + 3.25) 
=11.9J 


_ (2K, — {2(01.95) _ 
y= Pee = PS) _ [aaa 


Picture the Problem We can express the mass of the water in Margaret’s bucket as the 


difference between its initial mass and the product of the rate at which it loses water and 


her position during her climb. Because Margaret must do work against gravity in lifting 


and carrying the bucket, the work she does is the integral of the product of the 


gravitational field and the mass of the bucket as a function of its position. 


(a) Express the mass of the bucket 
and the water in it as a function of 


m(y) = 40kg —ry 
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its initial mass, the rate at which it is 
losing water, and Margaret’s 
position, y, during her climb: 


A 
Find the rate, r = as , at which r=— =—— = lkg/m 
Ay Ay 20m 


Margaret’s bucket loses water: 

Substitute to obtain: 

ubstitute to obtain m(y) = 40kg —ry = Ake 88y 
m 


(b) Integrate the force Margaret exerts on the bucket, m(y)g, between the limits of y = 0 


and y = 20 m: 
20m 1kg 5 ; 2 20m 

W=g | | 40kg-—=y' Jay = (9.81m/s’)(40kg)y'-4(1kg/m)y" |" =[ 5.89) 
0 


Remarks: We could also find the work Margaret did on the bucket, at least 
approximately, by plotting a graph of m(y)g and finding the area under this curve 
between y = 0 and y= 20 m. 


Work, Energy, and Simple Machines 


30. 

Picture the Problem The free-body 

diagram shows the forces that act on the y 
block as it slides down the frictionless SN / 
incline. We can find the work done by 4 
these forces as the block slides 2 m by / 160° 
finding their components in the direction / 

of, or opposite to, the motion. When we 

have determined the work done on the 

block, we can use the work-kinetic energy mg 
theorem or a constant-acceleration equation in 

to calculate its kinetic energy and its speed 

at any given location. 
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From the free - body diagram, we see that the forces acting on the block are 


(a) | a gravitational force that acts downward and the normal force that the incline 


exerts perpendicularly to the incline. 


Identify the component of mg that 
acts down the incline and calculate 
the work done by it: 


Express the work done by this force: 


Substitute numerical values and 
evaluate W: 


Remarks: F,, and mgcos60°, being 
perpendicular to the motion, do no 
work on the block 


(b) The total work done on the block 
is the work done by the net force: 


(c) Express the change in the kinetic 
energy of the block in terms of the 
distance, Ax, it has moved down the 
incline: 


Relate the speed of the block when it 
has moved a distance Ax down the 
incline to its kinetic energy at that 
location: 


Determine this speed when 
Ax = 1.5m: 


(d) As in part (c), express the 
change in the kinetic energy of the 
block in terms of the distance, Ax, it 
has moved down the incline and 


F,, = mg sin 60° 


W = F,Ax = mgAxsin 60° 


W =(6kg)(9.81m/s?) (2m)sin 60° 
=|102 J 


W = F_,,Ax = mgAxsin 60° 
= (6kg)(9.81m/s?)(2m)sin 60° 
=| 102 J 


AK = K;— Ki = W = (mgsin60°)Ax 
or, because K; = 0, 
Ky = W = (mgsin60°)Ax 


y= 2 = nso! 
m m 


= ,/2gAxsin 60° 


v = /2(9.81m/s? )(1.5m)sin 60° 


-[505m5 | 


AK = K;- K; 

=W 

= (mg sin 60°)Ax 
and 
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solve for Ks: Kr = (mg sin 60°)Ax + K; 


Substitute for the kinetic energy v= ri 2g sin 60°Ax + v2 
terms and solve for v; to obtain: 


Substitute numerical values and evaluate v;: 


v, = /2(9.81m/s?}(1.5m) sin60° +(2m/s)° = 


31 
Picture the Problem The free-body 
diagram shows the forces acting on the 


say 


object as in moves along its circular path } 
on a frictionless horizontal surface. We can <4 
use Newton’s 2™ law to obtain an 

expression for the tension in the string and 

the definition of work to determine the => 
amount of work done by each force during & 
one revolution. 


(a) Apply >» F. = ma, to the 2-kg v g) (2.5 m/s) 


object and solve for the tension: 3m 


(b) From the FBD we can see that the T 
forces acting on the object are: 


Because all of these forces act 


perpendicularly to the direction 
of motion of the object, none 


of them do any work. 
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*32 ° 
Picture the Problem The free-body y 
diagram, with F representing the force 

required to move the block at constant x_ F 
speed, shows the forces acting on the K. 
block. We can apply Newton’s 2™ law to 

the block to relate F to its weight w and /g 
then use the definition of the mechanical 

advantage of an inclined plane. In the Z~ 
second part of the problem we’ll use the 

definition of work. Ww 


(a) Express the mechanical w 
advantage M of the inclined plane: M= FE 


Apply 2 F., = ma, to the block: F —wsin @ = 0 because a,= 0. 


Solve for F and substitute to obtain: w 1 


wsin@ sing 


Refer to the figure to obtain: : H 
sin 0 = L 


Substitute to obtain: 1 L 
M= 


sind H 


(b) Express the work done pushing Wiamp = FL = mgLsin 0 
the block up the ramp: 


Express the work done lifting the W. 


iting = GH = mgL sin 0 
block into the truck: 


and 


W, 


lifting 


33. 

Picture the Problem We can find the work done per revolution in lifting the weight and 
the work done in each revolution of the handle and then use the definition of mechanical 
advantage. 


Express the mechanical advantage of W 
the jack: MS 
jack: F 
Express the work done by the jack in Wiitine = WD 
one complete revolution (the weight ‘ 
W is raised a distance p): 
Express the work done by the force W. In RF 


turning — 


F in one complete revolution: 
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Equate these expressions to obtain: Wp = 27 RF 
Solve for the ratio of W to F: W IR 
M =— =} —— 
F P 


Remarks: One does the same amount of work turning as lifting; exerting a smaller 
force over a greater distance. 


34 

Picture the Problem The object whose weight is w is supported by two portions of the 
rope resulting in what is known as a mechanical advantage of 2. The work that is done 
in each instance is the product of the force doing the work and the displacement of the 
object on which it does the work. 


(a) If w moves through a distance h: F movesa distance 


(b) Assuming that the kinetic energy W =AU =whcos@ =| wh 
of the weight does not change, relate 


the work done on the object to the 
change in its potential energy to 
obtain: 


(c) Because the force you exert on the W = F(2h)cos@ = F(2h) 
rope and its displacement are in the 


same direction: 


Determine the tension in the ropes > F ical = 2F — w= 0 
supporting the object: — 

and 

F=4w 
Substitute for F: W= F(2h) = 1 w(2h) = wh 
(d) The mechanical advantage of the Ww ow 
inclined plane is the ratio of the MS FE = i = 
weight that is lifted to the force 2 


required to lift it, i-e.: 


Remarks: Note that the mechanical advantage is also equal to the number of ropes 
supporting the load. 


388 Chapter 6 


Dot Products 


¥*35 2° 
Picture the Problem Because A-B=AB cos @ we can solve for cos@ and use the fact 
that A- B=—AB to find @ 


Solve for 0: 4 A-B 
0 = cos 
AB 
Substitute for A- Band evaluate 0: O= cos *(— 1) - 
36 e 


Picture the Problem We can use its definition to evaluate A- B ; 


Express the definition of A-B: A-B = ABcos0 

Substitute numerical values and A-B= (6 m)(6 m)cos 60° 

evaluate A- B: -~118.0m2 

37 ° 

Picture the Problem The scalar product of two-dimensional vectors A and Bis A,B, + 
A,B,. 

(a) For A=3i-6j and A. B =(3)(-4) + (-6)(2) =| - 24 | 
B=-4i+2]: 

(b) For A=5i +5j and AB =(5)(2) + 6)(-4) =| =10 | 
B=2i-4j: 


(c) For A=6i +4jandB=4i-6]: A.B =(6)(4) + (4-6) =[ 0 | 


38 
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Picture the Problem The scalar product of two-dimensional vectors A and B is AB cos 0 


= A,B, + AyBy. Hence the angle between vectors Aand Bis given by 


aa be a 


(a) For A=3i-6j and 
B=-4i+2j: 


(b) For A=Si +5j and 
B=2i-4j: 


(c) ForA=6i +4 jandB=4i-6j: 


39° 


A. B =(3)(-4) + (-6)(2) = -24 


A= JG) +C 6) = 45 
B= y(-4) +(2)° = V20 
and 


—24 
@=cos - ———— =| 143° 


A-B=(5)(2) + (5)(-4) = -10 


A= (5) +(5) = 50 
B= (2)! +(-4) = 20 
nd 


ot, 10 = = 
0 =cos 150-00 


A - B= (6)(4) + (4)(-6) 


A= (67 +) =52 
B= (4) +(-6) =v52 
nd 


da 
= a 0 = ° 
0 =cos eo ed 


Picture the Problem The work W done by a force F during a displacement A s for 


which it is responsible is given byF ‘AS. 
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(a) Using the definitions of work and W =F.-AS 
the scalar product, calculate the work _ (2 Ni-1N j 41N i) 


done by the given force during the = Z 7 
‘(3mi+3mj—2mk 


[(2)(8)+(-)@)+@) (-2)JN-m 
=| 1.00J 


specified displacement: 


(b) Using the definition of work that W = FAscos@ = (F cos O)As 
includes the angle between the force and 
and displacement vectors, solve for er Ww 
the component of F in the direction As 
of As: 
Substitute numerical values and _ 1J 
F cos 0 = ——————————— 
evaluate Fcos0: J(@my ‘a (3m) oe (- 2m) 
=| 0.213N 
40 


Picture the Problem The component of a vector that is along another vector is the scalar 
product of the former vector and a unit vector that is parallel to the latter vector. 


(a) By definition, the unit vector ; A A, Pa Aj 4 Ak 
that is parallel to the vector A is: at - a 
A JAS+ A +A: 
(b) Find the unit vector parallel toB: a. = B _ 3i + Aj _3 i 4 ; 
== = 
B V@y+@" > » 
The component of A along Bis: Aa, = (of -j-k). (223 
3 4 
= (2), = |+Ca) = |+-1)0) 
5 5 
=| 0.400 
#41 0 


Picture the Problem We can use the definitions of the magnitude of a vector and the dot 
product to show that if A + B| = |A —B , then ALB. 


2 


Express A +B): 


Express A - B : 


Equate these expressions to obtain: 


Expand both sides of the equation to 
obtain: 


Simplify to obtain: 


From the definition of the dot 
product we have: 


Because neither A nor B is the zero 
vector: 


42 
Picture the Problem The diagram shows 


the unit vectors Aand B arbitrarily 


located in the 1* quadrant. We can express 
these vectors in terms of the unit vectors 


i and j and their x and y components. We 
can then form the dot product of 


Aand B to show that 
cos(@, — 8) = cosAcos@, + sinO,sind. 


(a) Express A in terms of the unit 


vectors i and j: 


Proceed as above to obtain: 


(b) Evaluate A-B: 


From the diagram we note that: 
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A+B) = (A+B) 


A? +2A-B+B?=A’?-2A-B+B’ 


4A-B=0 

or 

A-B=0 
A-B = ABcos@ 


where @is the angle between AandB. 


cosO=0 => 0=90° and AL B. 


A=Ait+Aj 
where 


A, = 


cos 0, 


sin 0, 


and A, = 


A 
e 


B=Bi +B, J 
where 


A A 


A-B= (cos Oi +sin 6,3) 
: (cos Oni + sin 0,3) 
= cos @, cos@, + sin @, sin 8, 


A 


A-B =cos(6, —6,) 
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Substitute to obtain: cos(@, — 8, )= cos, cos A, 


+ sin @, sin 8, 


43° 
Picture the Problem In (a) we’ll show that it does not follow that B=C by giving a 
counterexample. 

LetA =i,B=31+4j and A-B=i-(i+4j)=3 

C =3i —4j. Form A- Band A-C: and 


A-€ =i-(f-4j)=3 


No. We've shown by a counter - 


example that B is not necessarily 


equal to C. 


44 + 
Picture the Problem We can form the dot product of Aand f and require that 
A.-Fr =1 to show that the points at the head of all such vectors r lie on a straight line. 


We can use the equation of this line and the components of Ato find the slope and 
intercept of the line. 


(a) Let A =a,i +a,j. Then: A-t =(a,i +a,j)- (xi+yj) 
=a,xta,y=1 
Solve for y to obtain: a 1 
y=| -~x+— 
da, da, 


which is of the form y = mx+b 
and hence is the equation of a line. 


(b) Given that A= 2i-3): Gd <2 
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(c) The equation we obtained in (a) 
specifies all vectors whose component 


parallel to A has constant magnitude; 
therefore, we can write such a vector as 


Se SS = 
r =—, + B, where B is any vector 
A 


perpendicular to A. This is shown 
graphically to the right. 


fo 


Because all possible vectors B lieina 
plane, the resultant r must lie in a plane as 
well, as is shown above. 


¥*45 oe 
Picture the Problem The rules for the differentiation of vectors are the same as those for 
the differentiation of scalars and scalar multiplication is commutative. 


(a) Differentiate r -r = r° = constant: ae r) = dr " dr a Hog.z 
dt dt dt 
- — (constant) =0 
Because V-r =0: vir 
(b) Differentiate V -V = v* = constant 2G 4) -¥ dW z dv 5 =2a-v 
with respect to time: dt dt dt 


= “(constant =0 


Because a-v =0: alv 


The results of (a) and (b) tell us that 
ais perpendicular to r and and 


parallel (or antiparallel) to r. 


(c) Differentiate v-r =0 with d (5 r) 5. dr. dv 
respect to time: dt 
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Because v- +r-a=0: r-a=-v’ (1) 


Express a, in terms of @ where @is a, =acos@ 
the angle between r and a: 


Express r-a: r-a=racos@ =ra, 
Substitute in equation (1) to obtain: rd, = -v* 
Solve for a;: ve 
a, =| -— 
r 

Power 
46 « 
Picture the Problem The power delivered by a force is defined as the rate at which the 
force does work; i.e., P = he 

dt 

oJ 
Calculate the rate at which force A Pp, == =05W 
does work: 10s 
Calculate the rate at which force B 3J 
P, =—=0.6W and | P, > P 

does work: * 5s 
47 
Picture the Problem The power delivered by a force is defined as the rate at which the 
force does work; i.e., P = oy. =F.y. 

dt 
(a) If the box moves upward with a F=mg 
constant velocity, the net force 
acting it must be zero and the force 
that is doing work on the box is: 
The power input of the force is: P= Fv=mgv 


Substitute numerical values and P= (5 kg)(9.81m/s? \(2 m/s) = 


evaluate P: 
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(b) Express the work done by the W = Pt = (98.1 W) (4s) = | 392J 


force in terms of the rate at which 
energy is delivered: 


48 
Picture the Problem The power delivered by a force is defined as the rate at which the 
force does work; i.e., P = ay. =F-y. 
dt 
(a) Using the definition of power, os P = 6W _ | 2mis | 
express Fluffy’s speed in terms of the F 3N 


rate at which he does work and the 
force he exerts in doing the work: 


(b) Express the work done by the W = Pt = (6 W) (4s) =| 24.0] 


force in terms of the rate at which 
energy is delivered: 


49 

Picture the Problem We can use Newton’s 2” law and the definition of acceleration to 
express the velocity of this object as a function of time. The power input of the force 
accelerating the object is defined to be the rate at which it does work; i.e., 


P=dW/dt =F -v. 


(a) Express the velocity of the object v=at 

as a function of its acceleration and 

time: 

Apply > F = mG to the object: a=F/m 

Substitute for a in the expression for ye ee = ( Sm /s2 F 
V: m  8kg 


(b) Express the power input as a P=Fv= (5 nV m/s? )t 7 


function of F and v and evaluate P: 


(c) Substitute t = 3 s: P =(3.13W/s)(3s) =| 9.38W 
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Picture the Problem The power delivered by a force is defined as the rate at which the 


dWw 


force does work; i.e., P =——- = F -v. 


dt 


(a) ForF = 4Ni+3Nk and 
Vv =6msi: 


(b) ForF =6Ni —5Nj and 
¥ =-5Sm/si+4msj: 


(c) For F=3Ni +6Nj 
and V =2m/si+3m/sj: 
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=| 24.0W 

P=F-V 
= (6ni-5Nj)- (Csm/si+4misj) 
=| —50.0W 

P=FV 


- (bNi+6N j)-(2misi-+3misj) 


- [2400] 


Picture the Problem Choose a coordinate system in which upward is the positive y 
direction. We can find P,, from the given information that P,,, = 0.27P,. We can express 


out 


P., as the product of the tension in the cable T and the constant speed v of the 


out 


dumbwaiter. We can apply Newton’s 2" law to the dumbwaiter to express T in terms of 


its mass m and the gravitational field g. 


Express the relationship between the 
motor’s input and output power: 


Express the power required to move 
the dumbwaiter at a constant speed 
V: 


Apply >, = ma, to the 
dumbwaiter: 
Substitute to obtain: 


Substitute numerical values and 
evaluate Pi,: 


Pi = 0.278, 

or 

Py = Cs ae 
=TVv 


out 


T —mg =ma, 

or, because ay, = 0, 

T =mg 

P,, =3.7Tv =3.7mgv 


P, =3.7(35kg)(9.81m/s? ) (0.35m/s) 


- 8W] 
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Picture the Problem Choose a coordinate system in which upward is the positive y 
direction. We can express Pyag as the product of the drag force Fyag acting on the 
skydiver and her terminal velocity v,. We can apply Newton’s 2™ law to the skydiver to 
express Fag in terms of her mass m and the gravitational field g. 


F 


(a) Express the power due to drag P= Vv 
force acting on the skydiver as she i 
falls at her terminal velocity v;: or, because F,,,, and V, are antiparallel, 
Pass = EM, 
Apply >» F,, = ma, to the skydiver: Foag — Mg =ma, 
or, because ay = 0, 
Fes = mg 
Substitute to obtain, for the Pree = [- m gv,| (1) 
magnitude of Parag: 
Substitute numerical values and evaluate P: 
mi th  1.609km 
Prag =| (55 kg) (9.81 m/s?) (120 — x —— x =“) =] 2.89107 W 
h 3600s mi 


(b) Evaluate equation (1) with v = 15 mi/h: 


i) dh 1.609km 
P.. =-(55kg)(9.81m/s2)| 15 ~|3.62kW 
=f (65kg}.81 0%) 15- AR LOK 
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Picture the Problem Because, in the absence of air resistance, the acceleration of the 
cannonball is constant, we can use a constant-acceleration equation to relate its velocity 
to the time it has been in flight. We can apply Newton’s 2" law to the cannonball to find 


the net force acting on it and then form the dot product of F and V to express the rate at 
which the gravitational field does work on the cannonball. Integrating this expression 
over the time-of-flight T of the ball will yield the desired result. 


Express the velocity of the v(t) = Oi + (v = gt)j 
cannonball as a function of time ? 

while it is in the air: 

Apply YF = mda to the F = —mg j 


cannonball to express the force 
acting on it while it is in the air: 


Evaluate F -V: F -V=-mg j-(v,—gt)j 


= —mgv, + mg’*t 
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Relate F -V to the rate at which 
work is being done on the 
cannonball: 


Separate the variables and integrate 
over the time T that the cannonball 
is in the air: 


Using a constant-acceleration 
equation, relate the speed v of the 
cannonball when it lands at the 
bottom of the cliff to its initial speed 
v, and the height of the cliff H: 


Solve for v to obtain: 

Using a constant-acceleration 
equation, relate the time-of-flight T 
to the initial and impact speeds of 


the cannonball: 


Solve for T to obtain: 


Substitute for T in equation (1) and 
simplify to evaluate W: 
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—— =F -¥ =—mgv, + mg’t 


(1) 


W= it mgv, + mg’t) dt 
0 
4mg°T* —mgv,T 


Vv’ =v, + 2aAy 


or, because a = g and Ay = H, 


v’ =v, +2gH 
v= Vy) + 2gH 
v=v,—-gI 
pawn 

g 


Picture the Problem If the particle is acted on by a single force, that force is the net 
force acting on the particle and is responsible for its acceleration. The rate at which 


energy is delivered by the force is P = F-v. 


Express the rate at which this force P=F.-v 
does work in terms of F and v: 


The velocity of the particle, in terms v =at 
of its acceleration and the time that 
the force has acted is: 
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Using Newton’s 2™ law, substitute 
for a: 


Substitute for v in the expression F F-F F2 
for P and simplify to obtain: aa 


Potential Energy 


55° 

Picture the Problem The change in the gravitational potential energy of the earth-man 
system, near the surface of the earth, is given by AU = mgAh, where Ah is measured 
relative to an arbitrarily chosen reference position. 


Express the change in the man’s AU = mgAh 
gravitational potential energy in 
terms of his change in elevation: 


Substitute for m, g and Ah and AU =(80 kg)(9.81m/s") (6m) 
evaluate AU: =| 471i 
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Picture the Problem The water going over the falls has gravitational potential energy 
relative to the base of the falls. As the water falls, the falling water acquires kinetic 
energy until, at the base of the falls; its energy is entirely kinetic. The rate at which 
energy is delivered to the base of the falls is given by P = dW /dt =—dU/ dt. 


Express the rate at which energy is p= dw _ du 

being delivered to the base of the dt dt 

falls; pememDere that half ine eed (mg h) ae dm 
potential energy of the water is dt 
converted to electric energy: 

Substitute numerical values and P= —1(9.81m/ s° \(- 128 m) 


evaluate P: x (1.4x10° kg/s) 


- [Bro 
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Picture the Problem In the absence of 

friction, the sum of the potential and kinetic y 
energies of the box remains constant as it = 

slides down the incline. We can use the aN 
conservation of the mechanical energy of - 

the system to calculate where the box will y “T\ 

be and how fast it will be moving at any z 0 
given time. We can also use Newton’s 2” x * 
law to show that the acceleration of the box a” 
is constant and constant-acceleration mg 
equations to calculate where the box will be VAN 

and how fast it will be moving at any given 

time. 


(a) Express and evaluate the U;, =mgh = (2 kg) (9.81 m/s’) (20 m) 
gravitational potential energy of the = 

box, relative to the ground, at the top 

of the incline: 


(b) Using a constant-acceleration Ax = v,At + ta(aty 
equation, relate the displacement of or, because vy = 0, 
the box to its initial speed, i 1 a( At)’ 


acceleration and time-of-travel: 


Apply pase = ma, to the box as it mg sin@ = ma =a = gsin@ 


slides down the incline and solve for 


its acceleration: 


Substitute for a and evaluate Ax(s) =1 ( gsin 6)( Aty 
Ax(t = 1s): 
= 1(9.81m/s’ \(sin30°)(1s)’ 
- 
Using a constant-acceleration v=v,+at where v, = 0 
equation, relate the speed of the box and 
at any time to its initial speed and v(1s) =aAt = (g sin O)At 
acceleration and solve for its speed = (9 81m/s’) (sin 30°)(1s) 
when t = 1s: 


=| 4.91m/s 


(c) Calculate the kinetic energy of 
the box when it has traveled for 1 s: 


Express the potential energy of the 
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K =4mv’ =1(2kg)(4.91m/s) 
=| 24.1] 


U =U, -K =392J—24.1J 


box after it has traveled for 1 s in —| 368) 


terms of its initial potential energy 
and its kinetic energy: 


(d) Express the kinetic energy of the k=U = mv? =| 392J 
box at the bottom of the incline in aia 

terms of its initial potential energy — 

and solve for its speed at the bottom v= avi 


of the incline: 


m 
Substitute numerical values and ( ) 
v= zalal =| 19.8m/s 


evaluate v: \ 2kg 
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Picture the Problem The potential energy function U (x) is defined by the equation 


U(x)- U(x, ) a } Fdx. We can use the given force function to determine U(x) and then 


Xo 


the conditions on U to determine the potential functions that satisfy the given conditions. 


(a) Use the definition of the potential 
energy function to find the potential 
energy function associated with Fy: 


| 
Cc 
— 
ox 
a 
— 
— 
an 
2 
a 


=| -(6N)(x-%) 
because U(X) = 0. 


U(4m)=-(6N)(4m- x, ) 
=0>x, =4m 


(b) Use the result obtained in (a) to 

find U (x) that satisfies the condition 
that U(4 m) = 0: aid 
U(x)=-(6N)(x—4m) 


=| 24J—(6N)x 
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(c) Use the result obtained in (a) to U(6 m) =-(6N )(6m _ X,) 
find U that satisfies the condition that =14) =x, = 50m 
U(6 m) = 143: ae 


U(x) — -(6 NJ x -2m| 
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Picture the Problem The potential energy of a stretched or compressed ideal spring U; is 
related to its force (stiffness) constant k and stretch or compression Ax by U, = Lkx’. 


ri 2 
(a) Relate the potential energy stored U, = 5kx 
in the spring to the distance it has 
been stretched: 
Solve for x: 2U, 
x= 


Substitute numerical values and 2(50 J 
evaluate x: <= \ io’Nm 0.100m 


(b) Proceed as in (a) with U, = 100 J: 2(100 J) 


(ia 
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Picture the Problem In a simple Atwood’s machine, the only effect of the pulley is to 
connect the motions of the two objects on either side of it; i-e., it could be replaced by a 
piece of polished pipe. We can relate the kinetic energy of the rising and falling objects to 
the mass of the system and to their common speed and relate their accelerations to the 
sum and difference of their masses ... leading to simultaneous equations in m, and mp. 


Use the definition of the kinetic K= 1(m, +m, )v? 
energy of the system to determine and 
the total mass being accelerated: 2K 2805 
: fice, 2 OD) sap nies (1) 
v’ (4m/s) 
In Chapter 4, the acceleration of the = m, —™M) 


masses was shown to be: m,+m, 


Because v(t) = at, we can eliminate 
a in the previous equation to obtain: 


Solve for m,—m,: 


Substitute numerical values and 
evaluate m,—m,: 


Solve equations (1) and (2) 
simultaneously to obtain: 


61 ee 


Work and Energy 403 


aie (10kg)(4m/s) =1.36kg (2) 
(9.81m/s" (3s) 


m 


Picture the Problem The gravitational potential energy of this system of two objects is the 


sum of their individual potential energies and is dependent on an arbitrary choice of where, 


or under what condition(s), the gravitational potential energy is zero. The best choice is 


one that simplifies the mathematical details of the expression of U. In this problem let’s 


choose U = 0 where 0= 0. 


(a) Express U for the 2-object system 


as the sum of their gravitational 
potential energies; noting that 
because the object whose mass is m) 
is above the position we have chosen 
for U = 0, its potential energy is 
positive while that of the object 
whose mass is m is negative: 


(b) Differentiate U with respect tod 
and set this derivative equal to zero 
to identify extreme values: 


To be physically meaningful, 
—n/2<O<n/2: 


Express the 2™ derivative of U with 
respect to Oand evaluate this 
derivative at O=+77/2: 


U(@)=U, +U, 
=m,gf,sind—m,gf, sind 


=| (ml, —m,,)g sind 


dU 
do 
from which we can conclude that 
cosO= 0 and 6= cos '0. 


=(m,0, —m,£,)g cosd = 0 


0=27/2 
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If we assume, in the expression for U d°*U 
that we derived in (a), that de? 
Myly —m,f, >0, then U(A) is a sine 


function and, in the interval of and | Uis a minimum at@ =—z / 2 


interest, — 7/2 <0 < 7/2, takes on dU 
< 
its minimum value when 6 = —7/2: da? o 0 
and | Uis a maximum at 0 = 77/2 
(c) If m0; a Molo, then (M26 = m,¢1) =0 


and | U = Oindependently of 0. | 


Remarks: An alternative approach to establishing the U is a maximum at 
O= 7/2 is to plot its graph and note that, in the interval of interest, U is concave 
downward with its maximum value at 0= 72. 
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Picture the Problem F,, is defined to be the negative of the derivative of the potential 
function with respect to x, that is, F, = -dU/dx . Consequently, given U as a function of 


x, we can find F, by differentiating U with respect to x. 


dU d 


(a) Evaluate F, =-——: F, =-—(ax‘)=| — 4Ax° 
dx dx 
(b) Set F, = 0 and solve for x: F,=0=>]/x=0 
63 oo 
Picture the Problem F, is defined to be the negative of the derivative of the potential 
function with respect to x, that is F, = -dU/dx . Consequently, given U as a function of 


x, we can find F,, by differentiating U with respect to x. 


(a) Evaluate F’, = eae F = dc = C 
dx . dx \_x x 
(b) Because C > 0: F. is positive for x # 0 and therefore 


F is directed away from the origin. 
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(c) Because U is inversely U(x) decreases with increasing x. 
proportional to x and C > 0: 


(d) With C < 0: F, is negative for x # 0 and therefore 


F is directed toward from the origin. 


Because U is inversely proportional to U(x) increases with increasing x. 
x and C < 0, U(x) becomes less 


negative as x increases: 
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Picture the Problem F,, is defined to be the negative of the derivative of the potential 
function with respect to y, ie. F, =—d U/dy. Consequently, we can obtain F, by 


examining the slopes of the graph of U as a function of y. 


The table to the right summarizes Slope Fy 
the information we can obtain from [Interval | _(N)__| _(N)_| 
; A—>B —2 2 
Figure 6-40: or 
BOC | transitional | —2 > 1.4 
C+D 1.4 -1.4 
The graph of F as a function of y is 
shown to the right: s 
y (m) 
65 eo 
Picture the Problem F’, is defined to be the negative of the derivative of the potential 
function with respect to x, i.e. F, = -dU/dx. Consequently, given F as a function of x, 


we can find U by integrating F’, with respect to x. 


Evaluate the integral of F’, with U (x) == { F(x) : { = a 
x 


respect to x: 
a 
=|—+U, 
x 


where U, is a constant determined by 
whatever conditions apply to U. 
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Picture the Problem F’, is defined to be the negative of the derivative of the potential 
function with respect to x, that is, F, = -dU/dx . Consequently, given U as a function 


of x, we can find F, by differentiating U with respect to x. To determine whether the 
object is in stable or unstable equilibrium at a given point, we’ll evaluate d°U / dx® at 


the point of interest. 


(a) Evaluate F', = -——: 


(b) We know that, at equilibrium, 
F, = 0: 


(c) To decide whether the 
equilibrium at a particular point is 
stable or unstable, evaluate the 2" 
derivative of the potential energy 
function at the point of interest: 


2 


Evaluate at x = 0: 


Ly? 


2 
Evaluate = 5 X= 1m: 
dx 
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F =-< (x? -2x°)= 6x(x—1) 


When F, =0, 6x(x — 1) = 0. Therefore, the 
object is in equilibrium 


at | x=0 and x=1m. 


a = 4 y2 —2x°)= 6x — 6x? 
dx dx 
and 
2 
7 . =6-12x 
dx 
2 
d = =6>0 
dx - 
=> | stable equilibrium at x = 0 
2 
: =6-12<0 
dx x=lm 


=> | unstable equilibrium at x =1m 


Picture the Problem F’, is defined to be the negative of the derivative of the potential 
function with respect to x, i.e. F, = -dU/dx . Consequently, given U as a function of x, 


we can find F,, by differentiating U with respect to x. To determine whether the object is 
in stable or unstable equilibrium at a given point, we’ll evaluate d *u/ dx* at the point of 


interest. 


(a) Evaluate the negative of the 
derivative of U with respect to x: 


(b) The object is in equilibrium 
wherever Foe = Fy = 0: 


(c) To decide whether the 
equilibrium at a particular point is 
stable or unstable, evaluate the 2" 
derivative of the potential energy 
function at the point of interest: 


2 
Evaluate — 7 atx = 2 
dx 


2 


Evaluate —z at a= 0: 
dx 


2 
Evaluate —-at x = 2m; 
dx 
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=——(8x* —x* )=4x° —16x 
x 


= x(x + 2)(x — 2) 


4x(x+2)(x—2)=0 = the equilibrium 


points are | xX = —2m,0,and2m. 


2 
aU 4 6x 4x3) = 16-12% 
dx dx 
2 
. =—-32 <0 
dx 
x=-2m 
unstable equilibrium 
> 
atx =—2m 
2 
é : =16>0 
dx" | _, 


=> | stable equilibrium at x = 0 


d*U 


ae =-32 <0 
xX 


x=2m 


unstable equilibrium 
=> 
at x =2m 


Remarks: You could also decide whether the equilibrium positions are stable or 
unstable by plotting F(x) and examining the curve at the equilibrium positions. 
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Picture the Problem F,, is defined to be the negative of the derivative of the potential 
function with respect to x, i.e. F, = -dU/dx . Consequently, given F as a function of x, 


we can find U by integrating F, with respect to x. Examination of d *u/ dx’ at extreme 


points will determine the nature of the stability at these locations. 
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Determine the equilibrium locations 
by setting Fie, = F(x) = 0: 


Evaluate the negative of the integral 
of F(x) with respect to x: 


Differentiate U(x) twice: 


2 
at X =—2: 


Evaluate 5 
IX 


2 
Evaluate 7 at x= 0: 
dx 


2 
Evaluate —z7 atx= 2: 
dx 
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F(x) = x° — 4x = x(x’ — 4) =0 
.. the positions of stable and unstable 


equilibrium are at | xX =—2,0 and 2 |. 
U(x)=—| F(x) 


= -| (x — 4x)dx 


4 
ae are 6p 
A 


where Uj is a constant whose value is 
determined by conditions on U(x). 


dU 
aoe 
and 

d*U _ 
dee 


—F, =-x°+4x 


Bx +4 


d*U 


Ae =-8<0 
Xx 


xX=-2 


| the equilibrium is unstable at x =—2 


2 
d : =4>0 
dx 
x=0 
.| the equilibrium is stable at x =0 
2 
: wi =-8<0 
dx" | _, 


..| the equilibrium is unstable at x = 2 


Thus U(x) has a local minimum at x = 0 and 


local maxima at x = +2. 


Picture the Problem F’, is defined to be the negative of the derivative of the potential 
function with respect to x, i.e. F, = —-dU/dx . Consequently, given U as a function of x, 


we can find F, by differentiating U with respect to x. To determine whether the object is 


in stable or unstable equilibrium at a given point, we can examine the graph of U. 


U 
(a) Evaluate F, = = for x <3 m: 


xX 


Set F, = 0 to identify those values of 
x for which the 4-kg object is in 
equilibrium: 


Evaluate F’, = md for x > 3 m: 
dx 


(b) A graph of U(x) in the interval 
—1m<x<3 mis shown to the 
right: 


(c) From the graph, U(x) is a 
minimum at x = 0: 


From the graph, U(x) is a maximum 
at x = 2m: 


(d) Relate the kinetic energy of the 
object to its total energy and its 
potential energy: 


Solve for v: 


Evaluate U(x = 2 m): 


Substitute in the equation for v to 
obtain: 
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F, --£ x" —x°)=3x(2-x) 


When F, = 0, 3x(2 — x) = 0. 
Therefore, the object is in equilibrium 


at} x=Oand x=2m. 


F,=0 


because U = 0. 


Therefore, the object is in 


neutral equilibrium for x > 3 m. 


U®@ 


-1.0 -0.5, 0.0 0.5 1.0 1.5 2.0 bay 3.0 


x (m) 


‘.| stable equilibrium at x = 0 | 


.| unstable equilibrium at x = 2m 


K=1mv’ =E-U 
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Picture the Problem F’, is defined to be the negative of the derivative of the potential 
function with respect to x, that is F. = -dU/dx . Consequently, given F as a function of 


x, we can find U by integrating F,, with respect to x. 


(a) Evaluate the negative of the U(x) = -{ F(x) = -| Ax dx 
integral of F(x) with respect to x: LA 
=—_— = + U, 
2X 


where Up is a constant whose value is 
determined by conditions on U(x). 


For x > 0: U decreases as x increases 


OC ae plg= 0 
2X and 
1A 18N-m? 4 
U(x)==4 = =| —N-m? 
(x) Ix 2 OS x? 


(c) The graph of U(x) is shown to the 
right: 


x (m) 
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Picture the Problem Let L be the total length of one cable and the zero of gravitational 
potential energy be at the top of the pulleys. We can find the value of y for which the 
potential energy of the system is an extremum by differentiating U(y) with respect to y 
and setting this derivative equal to zero. We can establish that this value corresponds to a 
minimum by evaluating the second derivative of U(y) at the point identified by the first 
derivative. We can apply Newton’s 2™ law to the clock to confirm the result we obtain by 
examining the derivatives of U(y). 


(a) Express the potential energy of U(y)=Una,(y) + caer (y) 
the system as the sum of the 

potential energies of the clock and 

counterweights: 


Substitute to obtain: 
U(y) =| —mgy -2Mg|L— Jy? +a’ 


(b) Differentiate U(y) with respect 
toy: 


Solve for y’ to obtain: 


Evaluate ee eae 


(c) The FBD for the clock is shown to 
the right: 


Apply Si F,, = Oto the clock: 
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OY) FIngy + 2Mglt — fy +a") 


dy 


J 
=-—| mg —2Mg 
| vy Ey 


mg —2Mg y = O for extrema 


m 
' = d 
: 4M* —m? 
2 
é JW) -.£ mg - 2Mg — 
dy dy yd 
_ 2Mgd’* 
(y2 +a 
d’U(y) 2Mgd* 
2 / 
dy F (y?+a?) F 
2Mgd 
= Me 372 
+1 
(aa —m? ) 
>0 
and the potential energy is a minimum at 
2 
m 
=| 4; | 
- 4M* —m°? 


M: ig Mg 


— 


mg 
2Mg sin@—mg =0 
and 


sin 6 = _— 
2M 
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Express sin @in terms of y and d: 
Xpr in in ter ya oie y 
Ly? +d? 
Substitute to obtain: m _ y 
2M y'+d° 


which is equivalent to the first equation in 
part (b). 


This is a point of stable equilibrium. Ifthe clock is displaced downward, 0 
increases, leading to a larger upward force on the clock. Similarly, if the 
clock is displaced upward, the net force from the cables decreases. 
Because of this, the clock will be pulled back toward the equilibrium 


point if it is displaced away from it. 


Remarks: Because we’ve shown that the potential energy of the system is a 
minimum at y = y’(i.e., U(y) is concave upward at that point), we can conclude that 
this point is one of stable equilibrium. 


General Problems 
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Picture the Problem 25 percent of the electrical energy generated is to be diverted to do 
the work required to change the potential energy of the American people. We can 
calculate the height to which they can be lifted by equating the change in potential energy 
to the available energy. 


Express the change in potential AU = Nmgh 
energy of the population of the 
United States in this process: 


Letting E represent the total energy Nmgh = 0.25E 
generated in February 2002, relate 

the change in potential to the energy 

available to operate the elevator: 


Solve for h: 0.25E 


Work and Energy 413 


Substitute numerical values and 
evaluate h: (0.25)(60.7x10° kw-h) eo 
(287 10° )(60kg)(9.81m/s’ ) 
=| 323km 
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Picture the Problem We can use the definition of the work done in changing the 
potential energy of a system and the definition of power to solve this problem. 


(a) Find the work done by the crane W=imgh 
in changing the potential energy of = (6x10° kg) (9.81 m/s”) (12 m) 


its load: = | 706 MJ 
(b) Use the definition of power to P= dw _ 706 MJ -/11.83MW 
i on 


find the power developed by the 


crane: 
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Picture the Problem The power P of the engine needed to operate this ski lift is related 
to the rate at which it changes the potential energy U of the cargo of the gondolas 
according to P = AU/At. Because as many empty gondolas are descending as are 
ascending, we do not need to know their mass. 


Express the rate at which work is p= AU 
done as the cars are lifted: At 
Letting N represent the number of AU = NMgAh 


gondola cars and M the mass of 
each, express the change in U as 
they are lifted a vertical 
displacement Ah: 


Substitute to obtain: p= AU = NMgAh 
At At 
Relate Ah to the angle of ascent 0 Ah = Lsin@ 


and the length L of the ski lift: 


Substitute for Ah in the expression p= NMgLsin 0 
for P: At 
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Substitute numerical values and evaluate P: 


12(550kg)(9.81m/s? )(5.6km)sin30° 
p= =[ 50.4kw | 
(60 min)(60 s/min) 


75° 

Picture the Problem The application of E. 
Newton’s 2™ law to the forces shown in 

the free-body diagram will allow us to } 
relate R to T. The unknown mass and Dy 


speed of the object can be eliminated by 
introducing its kinetic energy. 


mg 
Apply baer = M4,, 4:4, the object Te mv~ nad ae mv* 
and solve for R: 
Express the kinetic energy of the K= mv? 
object: 
Eliminate mv* between the two R- 2K 
equations to obtain: T 
Substitute numerical values and He (90 J ) —|0.500m 
evaluate R: 360 N 
*76 ° 


Picture the Problem We can solve this problem by equating the expression for the 
gravitational potential energy of the elevated car and its kinetic energy when it hits the 
ground. 


Express the gravitational potential U = mgh 
energy of the car when it is at a 
distance h above the ground: 


Express the kinetic energy of the car K =1mv* 
when it is about to hit the ground: 


Equate these two expressions Vv 
(because at impact, all the potential 2g 
energy has been converted to kinetic 

energy) and solve for h: 
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Substitute numerical values and h= [(100 km/h)(1h/3600 s)]° 1 393m 
evaluate h: 2(9.81m/s’) 
77 eco 


Picture the Problem The free-body 
diagram shows the forces acting on one of 
the strings at the bridge. The force whose 
magnitude is F is one-fourth of the force 
(103 N) the bridge exerts on the strings. 
We can apply the condition for equilibrium 
in the y direction to find the tension in each 
string. Repeating this procedure at the site 
of the plucking will yield the restoring 
force acting on the string. We can find the 
work done on the string as it returns to 


equilibrium from the product of the 
average force acting on it and its 
displacement. 


(a) Noting that, due to symmetry, F — 2T sin18° =0 
T’ =T, apply ». F,, = Oto the string 

at the point of contact with the 

bridge: 


: (103 N 
Solve for and evaluate T: T- = _4 ( 3 ) =| 41.7N 
2sin18° 2sin18° 


(b) A free-body diagram showing 
the forces restoring the string to its 
equilibrium position just after it has 
been plucked is shown to the right: 


Express the net force acting on the F.., = 2T cosé 
string immediately after it is 
released: 
Use trigonometry to find @ 16. 1 
8 y ere 6.3cm | Omm _ 98.6° 
4mm cm 


Substitute and evaluate Fye: i= 2(34.4 N)cos88.6° —|1.68N 
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(c) Express the work done on the 
string in displacing it a distance dx’: 


If we pull the string out a distance 
x’, the magnitude of the force 
pulling it down is approximately: 


Substitute to obtain: 


Integrate to obtain: 


Substitute numerical values to obtain: 
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dW = Fdx' 


L/2 
dW = 2 fae 
L 
We |e 
L 0 
where x is the final displacement of the 
string. 
_ (41.7) (4x10-?m) 
32.610 °m 
=| 4.09mJ 


Picture the Problem F’, is defined to be the negative of the derivative of the potential 
function with respect to x, that is F, = -dU/dx . Consequently, given F as a function of 


x, we can find U by integrating F’, with respect to x. 


Evaluate the integral of F,, with 
respect to x: 


Apply the condition that U(0) = 0 to 
determine U,: 


The graph of U(x) is shown to the right: 


U(x)= —| F(x)ax = -| (- ax? )dx 


—1igqy3 
= 3x L, 


U(0) = 0+ Uy =0 => Uy = 0 


-U()= [Bar | 


x (m) 
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Picture the Problem We can use the definition of work to obtain an expression for the 
position-dependent force acting on the cart. The work done on the cart can be calculated 
from its change in kinetic energy. 


(a) Express the force acting on the dWw 
cart in terms of the work done on it: P (x) = “Ge. 
Because U is constant: d 2 
P(x)= (mv) = “fe m(Cxy 
IX IX 
(b) The work done by this force W =AK =4mv, —imv; 
changes the kinetic energy of the =i my? eee m(Cx, , 
cart: — 
=| +mC°x, 
80 ee 


Picture the Problem The work done by F depends on whether it causes a displacement 
in the direction it acts. 


(a) Because F is along x-axis and w=/F-ds =|0 
the displacement is along y-axis: 


(b) Calculate the work done by i ha ee ae 
F during the displacement from ee J BOG i (2 Nim )x dx 
x=2mto5m: Aen 
x 
=(2N/m’}|—] = [ 78.05 | 
( 3 I. 
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Picture the Problem The velocity and acceleration of the particle can be found by 
differentiation. The power delivered to the particle can be expressed as the product of its 
velocity and the net force acting on it, and the work done by the force and can be found 
from the change in kinetic energy this work causes. 


In the following, if t is in seconds and m is in kilograms, then v is in m/s, a is in m/s’, P is 
in W, and Wis in J. 
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(a) The velocity of the particle is 
given by: 


The acceleration of the particle is 
given by: 


(b) Express and evaluate the rate at 
which energy is delivered to this 
particle as it accelerates: 


(c) Because the particle is moving in 
such a way that its potential energy 
is not changing, the work done by 
the force acting on the particle 
equals the change in its kinetic 
energy: 


dx d 
ara = ee —4t?) 
(6c? -8r) 
dv d 
ae 5 (6° ~8t) 
=| (12r-8) 


P = Fv = mav 
= m(12t—8)(6r? —8¢) 


8mt(9t? —18t +8) 


W =AK =K,-K, 
= 4m[(v,)? - (0 


= 1m [(6r? -81,)]’-0 


=| 2mt;(3t, -4)° 


Remarks: We could also find W by integrating P(t) with respect to time. 
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Picture the Problem We can calculate the work done by the given force from its 


definition. The power can be determined from P = F -¥ and v from the change in kinetic 


energy of the particle produced by the work done on it. 


(a) Calculate the work done from its 
definition: 


(b) Express the power delivered to 
the particle in terms of F,-3,, and its 
velocity: 


Relate the work done on the particle 
to its kinetic energy and solve for its 
velocity: 


W=AK=K 


3m 


Ww =|F -ds = [(6-+4x-3x")dx 
0 


2 3 3m 
- 6x4 2 ~|9.00J 
0 


a dpgs <i _ 
final = 7 MV* since v, =0 


Solve for and evaluate v: 


Evaluate Fy-=3 mn: 


Substitute for F,-3,,and v: 


#83 oe 
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en oe 205) _ 5 amis 
m \ 3kg 


F_5, =6+4(3)—3(3)’ =-9N 


P =(-9N)(2.45 m/s) =| —22.1W 


Picture the Problem We’|l assume that the firing height is negligible and that the bullet 
lands at the same elevation from which it was fired. We can use the equation 
R= (v? / g )sin 20 to find the range of the bullet and constant-acceleration equations to 


find its maximum height. The bullet’s initial speed can be determined from its initial 


kinetic energy. 


Express the range of the bullet as a 
function of its firing speed and angle 
of firing: 


Rewrite the range equation using the 
trigonometric identity 
sin2 = 2sin@cosé@ 


Express the position coordinates of 
the projectile along its flight path in 
terms of the parameter t: 


Eliminate the parameter t and make 
use of the fact that the maximum 
height occurs when the projectile is 
at half the range to obtain: 


Equate R and h and solve the 
resulting equation for @ 


Relate the bullet’s kinetic energy to 
its mass and speed and solve for the 
square of its speed: 


Substitute for vj and @and evaluate 


R: 


2 
R=~sin20 
g 
Re v) sin20  2v, sin@cos 


2(1200J) 
(0.02kg)(9.81m/s 


=| 5.74km 


ee) 
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84 ee 
Picture the Problem The work done on the particle is the area under the force-versus- 
displacement curve. Note that for negative displacements, F is positive, so W is negative 


for x < 0. 


(a) Use either the formulas for the x_ |W 
areas of simple geometric figures or (m) |_V) 
counting squares and multiplying by = | =L1 
the work represented by one square —3 | -10 
to complete the table to the right: —2 | -7 
-1/-3 
0 0 
1 1 
2 0 
3 | -2 
4/|-3 
(b) Choosing U(0) = 0, and using x |W | AU 
the definition of AU = —W, complete (m) | J) | J) 
the third column of the table to the —4 |-11]| 11 
right: —3 | -10 | 10 
—2 | -7 
-1 | -3 
0 0 0 
1 1 -1 
Z 0 0 
3 | -2 2 
4 [-3/ 3 | 


The graph of U as a function of x is 
shown to the right: 


me) 


x (m) 
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85 eo 
Picture the Problem The work done on the particle is the area under the force-versus- 
displacement curve. Note that for negative displacements, F is negative, so W is positive 


for x < 0. 


(a) Use either the formulas for the x |W 
areas of simple geometric figures or (m) | VY) 
counting squares and multiplying by —4 | 6 
the work represented by one square 3 
to complete the table to the right: —2 | 2 
—1 | 0.5 
0 0 
1 | 0.5 
2 ||. 10 
a. || 20 
4 3 
(b) Choosing U(0) = 0, and using x | W_| AU 
the definition of AU = —W, complete (m) | J) | @& 
the third column of the table to the -4 | 6 —6 
right: 3 | 4 —4 
—2 | 2 —2 
—1 | 0.5 | -0.5 
0 0 0 
1 | 0.5 | -0.5 
2 | 15 | -1.5 
3 | 2.5 | -2.5 
4 3 3 


The graph of U as a function of x is 


U() 


shown to the right: 


x (m) 
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86. ee 
Picture the Problem The pictorial 
representation shows the box at its initial 
position 0 at the bottom of the inclined 
plane and later at position 1. We’ll assume 
that the block is at position 0. Because the 
surface is frictionless, the work done by the 
tension will change both the potential and 
kinetic energy of the block. We’ll use 
Newton’s 2™ law to find the acceleration of 
the block up the incline and a constant- 
acceleration equation to express v in terms 
of T, x, M, and @ Finally, we can express 
the power produced by the tension in terms 
of the tension and the speed of the box. 


(a) Use the definition of work to 
express the work the tension T does 
moving the box a distance x up the 
incline: 


(b) Apply E = Ma, to the box: 


Solve for a,: 


Using a constant-acceleration 
equation, express the speed of the 
box in terms of its acceleration and 
the distance x it has moved up the 
incline: 


Substitute for a, to obtain: 


(c) The power produced by the 
tension in the string is given by: 


y 
\ 
yi 
n od 
T 
\ 
—o\_ |e 
mgs 
w=[Be 
T —Mgsin@ = Ma, 
a _T-Mgsinoé _ T gene 


: M 


v=, +20 
or, because Vo = 0, 


v=./2a,Xx 
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Picture the Problem We can use the definition of the magnitude of vector to show that 
the magnitude of F is Fo and the definition of the scalar product to show that its direction 
is perpendicular tor . The work done as the particle moves in a circular path can be found 


from its definition. 


(a) Express the magnitude of F: 


Because r=) x° +y° : 


Form the scalar product of F and r: Bi (2 \pi-x3)-Gi+y3) 
‘3 


Because F-r =0,|F LF 


(b) Because F Li, F is tangential 
to the circle and constant. At (5 m, 
0), F’ points in the — j direction. If 
ds is in the a4 direction, dW > 0. 


The work it does in one revolution is: 


W = F,(27r)=22(5m)F, 
= (107 m)F, if the rotation 


is clockwise 


and 
W =(-107m)F, if the rotation is 


counterclockwise. 


W =(107m)F, if the rotation is clockwise, —(10z m)F,if the rotation is 


counterclockwise. Because W # 0 for a complete circuit, F is not conservative. 
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Picture the Problem We can substitute for r and xi + yj in F to show that the 
magnitude of the force varies as the inverse of the square of the distance to the origin, and 
that its direction is opposite to the radius vector. We can find the work done by this force 
by evaluating the integral of F with respect to x from an initial position x = 2m, y=O0m 
to a final position x = 5 m, y = 0 m. Finally, we can apply Newton’s 2™ law to the particle 
to relate its speed to its radius, mass, and the constant b. 
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(a) Substitute for r and 
xi+y jinF to obtain: 


Simplify to obtain: 


(b) Find the work done by this force 
by evaluating the integral of F with 
respect to x from an initial position 
x=2m,y=0mtoa final position 
x=5m,y=0Om: 


= b 2 24 
= ce eee IN 
(x2 + y?) 
where F is a unit vector pointing from the 
origin toward the point of application of 


i.e., the magnitude of the force varies as the 
inverse of the square of the distance to the 
origin, and its direction is antiparallel 


(opposite) to the radius vectorr = xi + yj. 


(c) | No work is done as the force is perpendicular to the velocity. 


(d) Because the particle is moving in 
a circle, the force on the particle 
must be supplying the centripetal 
acceleration keeping it moving in 


the circle. Apply YF =ma, to 
the particle: 


Solve for v: 


Substitute numerical values and 
evaluate v: 


89 eco 


2m 2m 
=3N-m’ . : =| —0.900 J 
5m 2m 
Pa 
r? r 
ya fe 
\ mr 


3N-m? 
"= Vkg)7m) =| 0.463 m/s 


Picture the Problem A spreadsheet program to calculate the potential is shown below. 
The constants used in the potential function and the formula used to calculate the "6-12" 


potential are as follows: 


Cell Content/Formula Algebraic Form 
B2 1.09x107” a 
B3 6.8410 b 


D8 | $B$2/C8412-$B$3/C846 a b 
re 6 
C9 C8+0.1 r+Ar 
(a) 
A B GC D 

1 

2 | a= | 1.09E-07 

3 | b= | 6.84E-05 

4 

5 

6 

7 r U 

8 3.00E-01 | 1.11E-01 

9 3.10E-01 | 6.13E-02 
10 3.20E-01 | 3.08E-02 
11 3.30E-01 | 1.24E-02 
12 3.40E-01 | 1.40E-03 
13 3.50E-01 | —4.95E-03 
45 6.70E-01 | —7.43E-04 
46 6.80E-01 | —6.81E-04 
47 6.90E-01 | —6.24E-04 
48 7.00E-01 | —5.74E-04 


The graph shown below was generated from the data in the table shown above. Because 
the force between the atomic nuclei is given by F = -(d U/ dr), we can conclude that the 
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shape of the potential energy function supports Feynman’s claim. 


U (eV) 


"6-12" Potential 


r (nm) 


(b) The minimum value is about —0.0107 eV, occurring at a separation of approximately 
0.380 nm. Because the function is concave upward (a potential "Wwell”) at this separation, 
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this separation is one of stable equilibrium, although very shallow. 


(c) Relate the force of attraction dU d|a b 
between two argon atoms to the Se lag oe 
dr dr |r r 
slope of the potential energy 
function: = 12a = 6b 
r? r’ 


Substitute numerical values and evaluate F(5 A): 


—7 5 -19 
= 12{1.09%10 i 6(6.84x10 Ja pac10? 2M ye 8X10, nm 
(0.5nm) (0.5nm) nm eV 10° m 
=| —6.69x10 "NN 


where the minus sign means that the force is attractive. 


Substitute numerical values and evaluate F(3.5 A): 


—7 -5 -19 
_12(L.09%10 ) 6(6.84%10° ) = 46 a.1972 2M 16x10 I, nm 
(0.35nm)' (0.35nm) nm eV 10°m 


=| 7.49x10"'N 


where the plus sign means that the force is repulsive. 


*OQ eee 

Picture the Problem A spreadsheet program to plot the Yukawa potential is shown 
below. The constants used in the potential function and the formula used to calculate the 
Yukawa potential are as follows: 


Cell Content/Formula Algebraic Form 
Bl 4 Up 
B2 2.5 a 
D8 | -$B$1*($B$2/C9)*EXP(—C9/$B$2) a ) ae 
—,/— |e 
r 
C10 C9+0.1 r+Ar 
(a) 
A B C D 
1 U0= | 4 pJ 
2 a= | 2.5 fm 
3 
i 
8 r U 
9 0.5 —16.37 
10 0.6 —13.11 
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11 0.7 —10.80 
12 0.8 —9.08 
13 0.9 -7.75 
14 1 —6.70 
64 6 —0.15 
65 6.1 —0.14 
66 6.2 —0.14 
67 6.3 —0.13 
68 6.4 —0.12 
69 6.5 —0.11 
70 6.6 —0.11 


U as a function of r is shown below. 


0 
oy) 5 
-4 
6 
S 8 
5 -10 
-12 
“14 
-16 
-18 
r (fm) 
(b) Relate the force between the dU(r) 
nucleons to the slope of the potential F (r ) =o di 


energy function: 


(c) Evaluate F(2a): 
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Evaluate F(a): 


Express the ratio F(2a)/F(a): 


(d) Evaluate F(Sa): 


Express the ratio F(5a)/F(a): 


- [a0 


Chapter 7 
Conservation of Energy 


Conceptual Problems 


*1 e 
Determine the Concept Because the peg is frictionless, mechanical energy is conserved 


as this system evolves from one state to another. The system moves and so we know that 
AK > 0. Because AK + AU = constant, AU < 0. | (a) is correct. 


2 ° 
Determine the Concept Choose the zero of gravitational potential energy to be at ground 
level. The two stones have the same initial energy because they are thrown from the same 
height with the same initial speeds. Therefore, they will have the same total energy at all 
times during their fall. When they strike the ground, their gravitational potential energies 
will be zero and their kinetic energies will be equal. Thus, their speeds at impact will be 
equal. The stone that is thrown at an angle of 30° above the horizontal has a longer flight 
time due to its initial upward velocity and so they do not strike the ground at the same 


time. (c) is correct. | 


3 e 
(a) False. Forces that are external to a system can do work on the system to change its 
energy. 


(b) False. In order for some object to do work, it must exert a force over some distance. 
The chemical energy stored in the muscles of your legs allows your muscles to do the 
work that launches you into the air. 


4 e 
Determine the Concept Your kinetic energy increases at the expense of chemical 
energy. 


*5 e 

Determine the Concept As she starts pedaling, chemical energy inside her body is 
converted into kinetic energy as the bike picks up speed. As she rides it up the hill, 
chemical energy is converted into gravitational potential and thermal energy. While 
freewheeling down the hill, potential energy is converted to kinetic energy, and while 
braking to a stop, kinetic energy is converted into thermal energy (a more random form of 
kinetic energy) by the frictional forces acting on the bike. 


*6 e 
Determine the Concept If we define the system to include the falling body and the earth, 
then no work is done by an external agent and AK + AU, + AEtnem= 0. Solving for the 
change in the gravitational potential energy we find AU, = —(AK + friction energy). 
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(b) is correct. 


7 eo 
Picture the Problem Because the constant friction force is responsible for a constant 


acceleration, we can apply the constant-acceleration equations to the analysis of these 
statements. We can also apply the work-energy theorem with friction to obtain 
expressions for the kinetic energy of the car and the rate at which it is changing. Choose 
the system to include the earth and car and assume that the car is moving on a horizontal 
surface so that AU = 0. 


(a) A constant frictional force i = ve + 2aAs where v= 0. 
causes a constant acceleration. The _y? 

7 0 

JAS = where a <0. 


stopping distance of the car is iG 


related to its speed before the brakes Thus, As v2 and statement (a) is false. 


were applied through a constant- 
acceleration equation. 


(b) Apply the work-energy theorem AK =—W, =—4,mgAs 
with friction to obtain: 


Express the rate at which K is 
dissipated: At 


AK 
Thus, Eva oc vand therefore not constant. 
t 


Statement (b) is false. 


(c) In part (b) we saw that: K x As 

Because As « At: K « At and statement (c) is false. 
Because none of the above are correct: | (d)is correct. | 

8 ° 


Picture the Problem We’|l let the zero of potential energy be at the bottom of each ramp 
and the mass of the block be m. We can use conservation of energy to predict the speed 
of the block at the foot of each ramp. We’ll consider the distance the block travels on 
each ramp, as well as its speed at the foot of the ramp, in deciding its descent times. 


Use conservation of energy to find AK +AU =0 
the speed of the blocks at the bottom or 
of each ad Kes a oer + Uy: - Ug a 0 
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Because Kiop = Upor = 0: Kyo —Utop = 9 
a 5 
Substitute to obtain: i mv, —mgH =0 
Solve for Vbot: Voor = V2GH independently of the shape of 
the ramp. 


Because the block sliding down the circular arc travels a greater distance (an arc length is 
greater than the length of the chord it defines) but arrives at the bottom of the ramp with 
the same speed that it had at the bottom of the inclined plane, it will require more time to 


arrive at the bottom of the arc. | (b) is correct. 


9 ee 
Determine the Concept No. From the work-kinetic energy theorem, no total work is 
being done on the rock, as its kinetic energy is constant. However, the rod must exert a 
tangential force on the rock to keep the speed constant. The effect of this force is to 
cancel the component of the force of gravity that is tangential to the trajectory of the 
rock. 


Estimation and Approximation 


*10 

Picture the Problem We’|I use the data for the "typical male" described above and 
assume that he spends 8 hours per day sleeping, 2 hours walking, 8 hours sitting, 1 hour 
in aerobic exercise, and 5 hours doing moderate physical activity. We can approximate 


his energy utilization using EF AP. stivityAt where A is the surface area of his 
body, Pactivity is the rate of energy consumption in a given activity, and Atacivity is the time 


spent in the given activity. His total energy consumption will be the sum of the five terms 
corresponding to his daily activities. 


activity ~ activity ? 


+E +E 


sleeping walking sitting 


+E +E 


(a) Express the energy consumption E=E 
of the hypothetical male: 


mod. act. aerobic act. 


Evaluate Esjeeping: E 


sleeping = sleeping NT sag 


= (2m? )(40w/m?)(8h)(3600s/h) 
= 2.30x10° J 


Evaluate Ewatking: E AP. 


walking Xt 
= (2m?)(160 W/m? )(2h)(3600s/n) 
= 2.30x10°J 


walking 


AP. 


sitting 


Evaluate Esiting: | ee = At 
= (2m?)(60 W/m?)(8h)(3600s/h) 


= 3.46x10°J 


sitting 
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Evaluate Exod. act: 


Evaluate E aerobic act.* 


Substitute to obtain: 


Express the average metabolic rate 
represented by this energy 
consumption: 


Baa ae = PAB siti acs cata 
= (2m?)(175 W/m? )(5h)(3600s/h) 
= 6.30x10°J 

E aerobic act. — AP erobic ae has act. 


= (2m?)(300 W/m?)(1h)(3600s/h) 
= 2.16x10°J 


E =2.30x10°J +2.30x10°J + 3.46 x10° J 
+ 6.30x10°J + 2.16x10°J 
=/16.5x10°J 


ae 16.5x10°S siw 
* At (24h)(3600s/h) 


or about twice that of a 100 W light bulb. 


(b) Express his average energy 16.5x 10° J/day 

Becta : = —___——_ =| 3940 kcal/da 
consumption in terms of kcal/day: 4190 J/keal | Mf | 
(c) a = 22.5kcal/lb is higher than the estimate given in the statement of the 


problem. However, by adjusting the day's activities, the metabolic rate can vary by more 


than a factor of 2. 


11 


Picture the Problem The rate at which you expend energy, i.e., do work, is defined as 


power and is the ratio of the work done to the time required to do the work. 


Relate the rate at which you can 
expend energy to the work done in 
running up the four flights of stairs 
and solve for your running time: 


Express the work done in climbing 
the stairs: 


Substitute for AW to obtain: 


LL ee 
AW =mgh 
Ago men 
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Assuming that your weight is 600 ee (600 N )(4 x3.5 m) _ 


N, evaluate At: 250 W 


12 ° 
Picture the Problem The intrinsic rest energy in matter is related to the mass of matter 
through Einstein’s equation E, = mc. 


E 
(a) Relate the rest mass consumed to E,=m Pep (1) 
the energy produced and solve for C 


and evaluate m: 1J —~|4.11x10” kg 


™~ (2.998%10" m/s)" 


(b) Express the energy required as a E=3Pt 
function of the power of the light = 3(100 W)(10 y) 
bulb and evaluate E: . 365.24d \( 24h \( 3600s 
y d h 
=9.47x10'°J 
Substitute in equation (1) to obtain: oe 9.47x10'° J =|1.05 48 


~ (2.998x10" m/s)” 
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Picture the Problem There are about 3x10° people in the United States. On the 
assumption that the average family has 4 people in it and that they own two cars, we have 
a total of 1.5x10° automobiles on the road (excluding those used for industry). We’l 
assume that each car uses about 15 gal of fuel per week. 


Calculate, based on the assumptions identified above, the total annual consumption of 
energy derived from gasoline: 


(1.5x10° ato) 158 | wets | 2.6 10° =) =| 3.04x10" J/y 
auto - week gal 


y 
Express this rate of energy use as a 3.04 x 10" J/y 
fraction of the total annual energy use by “Eon 6% 
the US: x10" S/y 


Remarks: This is an average power expenditure of roughly 9x10" watt, and a total 
cost (assuming $1.15 per gallon) of about 140 billion dollars per year. 


14 
Picture the Problem The energy consumption of the U.S. works out to an average power 
consumption of about 1.6x10'° watt. The solar constant is roughly 10° W/m’ (reaching 
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the ground), or about 120 W/m‘ of useful power with a 12% conversion efficiency. 
Letting P represent the daily rate of energy consumption, we can relate the power 
available at the surface of the earth to the required area of the solar panels using P = IA. 


Relate the required area to the P=IA 
electrical energy to be generated by where I is the solar intensity that reaches the 
the solar panels: surface of the Earth. 
Solve for and evaluate A: P (1.6 x10" w) 
1 120Wim? 


= 2.67 x10" m* 


where the factor of 2 comes from the fact that 
the sun is only up for roughly half the day. 


Find the side of a square with this = Hi De! 
aa s =4/2.67 x10 m* =| 516km 


Remarks: A more realistic estimate that would include the variation of sunlight over 
the day and account for latitude and weather variations might very well increase the 
area required by an order of magnitude. 


15° 

Picture the Problem We can relate the energy available from the water in terms of its 
mass, the vertical distance it has fallen, and the efficiency of the process. Differentiation 
of this expression with respect to time will yield the rate at which water must pass 
through its turbines to generate Hoover Dam’s annual energy output. 


Assuming a total efficiency 77, use E=nmgh 
the expression for the gravitational 

potential energy near the earth’s 

surface to express the energy 

available from the water when it has 

fallen a distance h: 


Differentiate this expression with d dm dV 
respect to time to obtain: PS quimgn = mg = aa 
Solve for dV/dt: dV P (1) 
dt negh 
Using its definition, relate the dam’s AE 
annual power output to the energy = he 
produced: 
Substitute numerical values to 4x10°kW-h 
obtain: 7 = 4.57x10°W 


~ (365.24d)(24h/d) 


Substitute in equation (1) and 
evaluate dV/dt: 
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dV 4.57x10° W 


dt 0.2(1kg/L)(9.81m/s’ (211m) 
=[1.10x10°L/s 


The Conservation of Mechanical Energy 


16° 


Picture the Problem The work done in compressing the spring is stored in the spring as 


potential energy. When the block is released, the energy stored in the spring is 


transformed into the kinetic energy of the block. Equating these energies will give us a 


relationship between the compressions of the spring and the speeds of the blocks. 


Let the numeral 1 refer to the first 
case and the numeral 2 to the second 
case. Relate the compression of the 
spring in the second case to its 
potential energy, which equals its 
initial kinetic energy when released: 


Relate the compression of the spring 
in the first case to its potential 
energy, which equals its initial 


kinetic energy when released: 


Substitute to obtain: 


Solve for x2: 


17 


Iky? =1 2 
7 kx, =F M,V, 


= 4(4m, )(3v,)° 
=18m,v; 


Picture the Problem Choose the zero of gravitational potential energy to be at the foot of 


the hill. Then the kinetic energy of the woman on her bicycle at the foot of the hill is equal 


to her gravitational potential energy when she has reached her highest point on the hill. 


Equate the kinetic energy of the 
rider at the foot of the incline and 
her gravitational potential energy 
when she has reached her highest 
point on the hill and solve for h: 


Relate her displacement along the 


ve 
imv* = mgh > h=— 
2g 


d = h/sin@ 
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incline d to h and the angle of the 
incline: 


Substitute for h to obtain: 


Solve for d: 


Substitute numerical values and 
evaluate d: 


*18 ° 

Picture the Problem The diagram shows 
the pendulum bob in its initial position. Let 
the zero of gravitational potential energy be 
at the low point of the pendulum’s swing, 
the equilibrium position. We can find the 
speed of the bob at it passes through the 
equilibrium position by equating its initial 
potential energy to its kinetic energy as it 
passes through its lowest point. 


Equate the initial gravitational 
potential energy and the kinetic 
energy of the bob as it passes 
through its lowest point and solve 
for v: 


Express Ah in terms of the length L 
of the pendulum: 


Substitute and simplify: 


19 ° 


~ 2gsind 


(10m/s)° 


d — 5) 7 at 
2(9.81m/s )sin3° 
and | (c) is correct. 


97.4m 


a 


Picture the Problem Choose the zero of gravitational potential energy to be at the foot 


of the ramp. Let the system consist of the block, the earth, and the ramp. Then there are 
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no external forces acting on the system to change its energy and the kinetic energy of the 
block at the foot of the ramp is equal to its gravitational potential energy when it has 
reached its highest point. 


Relate the gravitational potential mgh = 4mv" 
energy of the block when it has 

reached h, its highest point on the 

ramp, to its kinetic energy at the foot 


of the ramp: 
Solve for h: h= v 
2g 
Relate the displacement d of the d = h/sin@ 
block along the ramp to h and the 
angle the ramp makes with the 
horizontal: 
Substitute for h: : 
ubstitute for dsing =-_ 
2g 
Solve for d: _ vo 
2gsind 
Substitute numerical values and (7 m/ s) . 
d= =| 3.89m 
evaluate d: 2(9.81m/s’) sin40° [3.89m_ 


20, 

Picture the Problem Let the system consist of the earth, the block, and the spring. With 
this choice there are no external forces doing work to change the energy of the system. Let 
U, = 0 at the elevation of the spring. Then the initial gravitational potential energy of the 
3-kg object is transformed into kinetic energy as it slides down the ramp and then, as it 
compresses the spring, into potential energy stored in the spring. 


(a) Apply conservation of energy to W., = AK +AU =0 
relate the distance the spring is and, because AK = 0, 
compressed to the initial potential —mgh+4 kx? =0 
energy of the block: 


Solve for x: 2mgh 
x= | — 
k 
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Substitute numerical values and 2(3 kg)(9.81m/s’ \(5 m) 
evaluate x: a 400 N/m 
=| 0.858m 
(b) The energy stored in the The block will retrace its path, 
compressed spring will accelerate rising toa height of 5m. 
the block, launching it back up the 
incline: 
21 se 


Picture the Problem With U, chosen to be zero at the uncompressed level of the spring, 
the ball’s initial gravitational potential energy is negative. The difference between the 
initial potential energy of the spring and the gravitational potential energy of the ball is 
first converted into the kinetic energy of the ball and then into gravitational potential 
energy as the ball rises and slows ... eventually coming momentarily to rest. 


Apply the conservation of energy to —mgx + 4kx* = mgh 
the system as it evolves from its 
initial to its final state: 


Solve for h: kx? 
h= =x 
2mg 
Substitute numerical values and (600 N/m)(0.05 m)° 
- 5\— 9.05m 
evaluate h: 2(0.015kg)(9.81m/s") 
=| 5.05m 
22 e 


Picture the Problem Let the system include the earth and the container. Then the work 
done by the crane is done by an external force and this work changes the energy of the 
system. Because the initial and final speeds of the container are zero, the initial and final 
kinetic energies are zero and the work done by the crane equals the change in the 
gravitational potential energy of the container. Choose U, = 0 to be at the level of the 
deck of the freighter. 


Apply conservation of energy to the Wa = AE, =AK + AU 
system: 


Because AK = 0: W.,, = AU = mgAh 
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Evaluate the work done by the crane: Wax. = mgAh 
= (4000kg)(9.81m/s?)(—8m) 
=| —314kJ 

23.8 


Picture the Problem Let the system 
consist of the earth and the child. Then 
Wext = 0. Choose Ug; = 0 at the child’s 
lowest point as shown in the diagram to the 
right. Then the child’s initial energy is 
entirely kinetic and its energy when it is at 
its highest point is entirely gravitational 
potential. We can determine h from energy 
conservation and then use trigonometry to 
determine @. 


Using the diagram, relate @to h and 
L: 


Apply conservation of energy to the 


system to obtain: 


Solve for h: ie ve 
2g 

Substitute to obtain: 4 P 

@=cos | 1-— 

2gL 
Substitute numerical values and : (3.4 m/s) . 
I 0: @=cos |1 5 
evaluate 0: 2(9.81m/s”)(6m) 
=l'20.0" 

#24 0 


Picture the Problem Let the system include the two objects and the earth. Then We: = 0. 
Choose U, = 0 at the elevation at which the two objects meet. With this choice, the initial 
potential energy of the 3-kg object is positive and that of the 2-kg object is negative. 
Their sum, however, is positive. Given our choice for U, = 0, this initial potential energy 
is transformed entirely into kinetic energy. 


Apply conservation of energy: Wo, =AK +AU, =0 


or, because W,,: = 0, 
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AK = -AU, 

Substitute for AK and solve for vy; +mv; —}mv; =—AU, 
noting that m represents the sum of ar beesusece oi 

2 1 + J 
the masses of the objects as they are — AU 
both moving in the final state: Ve = 2 

m 

Express and evaluate AU,: AU, =U,, —U,, 


=0-—(3kg —2kg\0.5m) 
x (9.81m/s”) 
=-4.91J 


Substitute and evaluate v;: —2|-4.91J 
Vv, = .|——-—— _ =| 1.40 m/s 
ae 


25 
Picture the Problem The free-body 
diagram shows the forces acting on the 
block when it is about to move. F%, is the 
force exerted by the spring and, because 
the block is on the verge of sliding, f, = 
famax. We can use Newton’s 2" law, under 
equilibrium conditions, to express the 
elongation of the spring as a function of m, 
k and @ and then substitute in the 
expression for the potential energy stored 


in a stretched or compressed spring. 


Express the potential energy of the U= 4d kx® 
spring when the block is about to 
move: 
Apply >F = ma, under equilibrium dF, =F — fmax —mg sin = 0 
conditions, to the block: and 
> F, =F, —mg cos =0 
Using femax = LsFn and Fey = kx, vag (sin 0 + yu, cos0) 
eliminate fi max and F,, from the x k 


equation and solve for x: 
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Substitute for x in the expression mg (sin 0+ ut, COS 6)} 
U =4+k s 
for U: 2 k 
_ [mg (sin A+ LU, COS 6)| 
2k 
26 ee 
Picture the Problem The mechanical 
energy of the system, consisting of the m | 


block, the spring, and the earth, is initially 
entirely gravitational potential energy. Let 

U, = 0 where the spring is compressed ] 
15 cm. Then the mechanical energy when 

the compression of the spring is 15 cm will 

be partially kinetic and partially stored in 

the spring. We can use conservation of ; 

energy to relate the initial potential energy + =o cat —_ 
of the system to the energy stored in the a a 
spring and the kinetic energy of block 

when it has compressed the spring 15 cm. 


Apply conservation of energy to AU + AK =0 
the system: or 
U,, —U,,+U,; -U,, + K; —K, =0 


Because Ug ¢ = Us; = Kj = 0: —-U,,+U,,+K, =0 
Substitute to obtain: —mg(h+x)+4kx? +4mv’? =0 
Solve for v: : 


v= pal) 


Substitute numerical values and evaluate v: 


(3955 N/m)(0.15m)’ 
v= {2(¢s1ms")6m+015m) ve =| 8.00m/s | 
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Picture the Problem The diagram 
represents the ball traveling in a circular 
path with constant energy. U, has been 
chosen to be zero at the lowest point on the 
circle and the superimposed free-body 
diagrams show the forces acting on the ball 
at the top and bottom of the circular path. 
We'll apply Newton’s 2" law to the ball at 
the top and bottom of its path to obtain a 
relationship between Ty and Tz and the 
conservation of mechanical energy to 
relate the speeds of the ball at these two 
locations. 


= ma to the ball 


Apply > E radial radial 
at the bottom of the circle and solve 


for Tp: 


Apply > Fadia = MQ, adial to the ball 


at the top of the circle and solve for 
Tr: 


Subtract equation (2) from equation 
(1) to obtain: 


Using conservation of energy, relate 
the mechanical energy of the ball at 
the bottom of its path to its 
mechanical energy at the top of the 
circle and solve for m Ys —m vr ; 
R R 


Substitute in equation (3) to obtain: 


and 
2 
T; =mg +m— (1) 
2 
T, +mg =m— 
and 
ve 
T, =—mg +m— (2) 
v. 
Pig a 
2 
V. 
—| —mg +m— 
2 2 
Vp Vr 
=m——m—+2m 3 
R R g (3) 
1 2 1 2 
+MV,z =>mMVv, + mg(2R) 
2 2 
m~B. m1 = 4mg 
R R 


T, —T, =| 6mg 
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Picture the Problem Let U, = 0 at the 
lowest point in the girl’s swing. Then we 
can equate her initial potential energy to 
her kinetic energy as she passes through 
the low point on her swing to relate her 
speed v to R. The FBD show the forces 
acting on the girl at the low point of her 
swing. Applying Newton’s 2" law to her 
will allow us to establish the relationship 
between the tension T and her speed. > 


Apply v3 Facial = MQ, adial to the girl 


T—mg =m— 
at her lowest point and solve for T: 

and 

2 

T =mg +m— 

Equate the girl’s initial potential tee ve 
as mg =3nv > =9 

energy to her final kinetic energy 2 R 


ve 
and solve for —: 
R 


Substitute for v’/R* and simplify to T=mg+mg = 


obtain: 


29 we 
Picture the Problem The free-body 
diagram shows the forces acting on the car 
when it is upside down at the top of the 
loop. Choose U, = 0 at the bottom of the 
loop. We can express F’, in terms of v and 
R by apply Newton’s 2™ law to the car and 
then obtain a second expression in these 
same variables by applying the 
conservation of mechanical energy. The a 
simultaneous solution of these equations mg 
will yield an expression for F, in terms of 

known quantities. 


ont 


Apply > Fan = MQ,,q;, to the car 


at the top of the circle and solve for 
F.: and 


F =m—-—mg (1) 
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Using conservation of energy, relate mgH = + mv? +mg (2R) 


the energy of the car at the 
beginning of its motion to its energy 
when it is at the top of the loop: 


2 2 H 
Solve for m~—: m~—=2mg —-2 (2) 
R R R 


Substitute equation (2) in equation 
(1) to obtain: i 


Substitute numerical values and evaluate F,: 


F, =(1500kg) a eo =1.67x10‘N = 
om 


30 

Picture the Problem Let the system 
include the roller coaster, the track, and the 
earth and denote the starting position with 
the numeral 0 and the top of the second hill 
with the numeral 1. We can use the work- 
energy theorem to relate the energies of the 
coaster at its initial and final positions. 


(a) Use conservation of energy to 
relate the work done by external 
forces to the change in the energy of 


(c) is correct. 


the system: 
Because the track is frictionless, AK +AU =0 
Wext = 0: and 
K,-K,+U,-U, =0 

Substitute to obtain: imv, —+mv;, +mgh, — mgh, =0 
Solve for vo: | 

. 7 A vi +2g(h, — hy) 
If the coaster just makes it to the top Vv) = [9 g( = hy) 


of the second hill, v; = 0 and: 


Substitute numerical values and 
evaluate vp: 
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v, = /2(9.81m/s?)(9.5m—5m) 
-[S40m] 


(b) No. Note that the required speed depends only on the difference 
in the heights of the two hills. 


31 
Picture the Problem Let the radius of the 
loop be R and the mass of one of the riders 
be m. At the top of the loop, the centripetal 
force on her is her weight (the force of 
gravity). The two forces acting on her at 
the bottom of the loop are the normal force 
exerted by the seat of the car, pushing up, 
and the force of gravity, pulling down. We 
can apply Newton’s 2" law to her at both 
the top and bottom of the loop to relate the 
speeds at those locations to m and R and, at 
b, to F, and then use conservation of 
energy to relate v, and vp. 


Apply >» Pie = MG adial to the 
rider at the bottom of the circular 
arc: 


Solve for F to obtain: 


Apply >, F iia = MQ agial to the 
rider at the top of the circular arc: 


Solve for v;: 


Use conservation of energy to relate 
the energies of the rider at the top 
and bottom of the arc: 


Substitute to obtain: 
Solve for v, : 


Substitute in equation (1) to obtain: 


Vv 
F=mg+m—2 1 
g R (1) 


v. =gR 


K, -K,+U, -—U, =90 
or, because U; = 0, 


RAK. =0 

imv, —+mv- —2mgR=0 
v, =5gR 

P= mg +m=o" 6mg 


i.e., the rider will feel six times heavier 
than her normal weight. 
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Picture the Problem Let the system 
consist of the stone and the earth and 
ignore the influence of air resistance. Then 
Wext = 0. Choose U, = 0 as shown in the 
figure. Apply the law of the conservation 
of mechanical energy to describe the 
energy transformations as the stone rises to 
the highest point of its trajectory. 


Apply conservation of energy: W.. = AK + AU =0 


and 
K,-K,+U,-U, =0 


Because Up = 0: K,-K,+U,=0 
Substitute to obtain: imv: —1Lmv* +mgH =0 
In the absence of air resistance, the 4m(v cos oy —1mv’ +mgH =0 


horizontal component of v is 


constant and equal to v, = vcos@. 


Hence: 
Solve for v: 2gH 
V= ee 
V1-cos* 6 
Substitute numerical values and 29. 81m/s Ie A m) 
evaluate v: var \ 1=cos?53° =| 27.2m/s 
33 ee 


Picture the Problem Let the system 
consist of the ball and the earth. Then 

Wext = 0. The figure shows the ball being 
thrown from the roof of a building. Choose 
U,= 0 at ground level. We can use the 
conservation of mechanical energy to 
determine the maximum height of the ball 
and its speed at impact with the ground. 
We can use the definition of the work done 
by gravity to calculate how much work was 
done by gravity as the ball rose to its 
maximum height. 


(a) Apply conservation of energy: W., = AK + AU =0 


Substitute for the energies to obtain: 


Note that, at point 2, the ball is 
moving horizontally and: 


Substitute for v2 and ho: 


Solve for H: 


Substitute numerical values and 
evaluate H: 


(b) Using its definition, express the 
work done by gravity: 


Substitute numerical values and 
evaluate W,: 


(c) Relate the initial mechanical 
energy of the ball to its just-before- 
impact energy: 


Solve for vs: 


Substitute numerical values and 
evaluate v; 


or 
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Rak eee U0 


1 2_ 41 2 = 
5mv; —>mv, +mgh, —mgh, = 0 


Vv, =v, cos@ 


2 
1m(v, cos0) —4mv; + mgH 


—mgh, =0 


2 


H= h, - (cos 8-1) 


(30 m/s)” 


H ee Somme 


31.0m 


-AU =-(U,, -U,,] 
—(mgH — mgh,)=—mg(H —h,) 


—(0.17kg)(9.81m/s? (31m —12m) 


1 2 wel 2 
+mv, +mgh, = 4mv; 


v. = \vi+2ah 


v, = \(30m/s)? + 2(9.81m/s? )(12m) 


-[7as] 
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Picture the Problem The figure shows the 
pendulum bob in its release position and in 
the two positions in which it is in motion 
with the given speeds. Choose U, = 0 at 
the low point of the swing. We can apply 
the conservation of mechanical energy to 
relate the two angles of interest to the 
speeds of the bob at the intermediate and 


low points of its trajectory. 


(a) Apply conservation of energy: 


Express U;: 
Substitute for K; and U;: 


Solve for : 


Substitute numerical values and 
evaluate 0: 


(b) Letting primed quantities 
describe the indicated location, use 
the law of the conservation of 
mechanical energy to relate the 
speed of the bob at this point to 0: 


Express U,': 


Substitute for K,’, U,' and U; : 


or 

KK, +0, -U, =0 

where U, and K, equal zero. 
rd, —U, =0 

U, =mgh = mgL(1—cos@,) 


1 mv; —mgL(1—cos6,)=0 


2 
A, = cos {1- : ) 
2gL 


(2.8m/s)° 


0, = cos 


-[e00] 


K,'-K, +U,'—U, =0 
where K; = 0. 
ih, UZ —U,=0 


2(9.81m/s? )(0.8m) 


U,' =mgh' = mgL(1—cos@) 


1m(v,') + mgL(1—cos6) 
—mgL(1- cos 6, ) = 0 


| 


Solve for 0: 


Substitute numerical values and 
evaluate 0: 
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Picture the Problem Choose U, = 0 at 
the bridge, and let the system be the earth, 
the jumper and the bungee cord. Then 
Wext = 0. Use the conservation of 
mechanical energy to relate to relate her 
initial and final gravitational potential 
energies to the energy stored in the 
stretched bungee, U, cord. In part (b), 
we’ll use a similar strategy but include a 
kinetic energy term because we are 
interested in finding her maximum speed. 


(a) Express her final height h above 
the water in terms of L, d and the 
distance x the bungee cord has 
stretched: 


Use the conservation of mechanical 
energy to relate her gravitational 
potential energy as she just touches 
the water to the energy stored in the 
stretched bungee cord: 


Solve for k: 
Find the maximum distance the 
bungee cord stretches: 


Evaluate k: 
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aan 
@=cos" GF cose 
| <9 


(1.4m/s)’ 


0 =cos” ; +cos 60° 
| 2(9.81m/s*)(0.8m) 
- 


h=L—d-x (1) 


W.., = AK + AU =0 

Because AK = 0 and AU = AU, + AU,, 
—mgL + +kx* =0, 

where x is the maximum distance the 
bungee cord has stretched. 


_ 2mgL 


2 


k 


xX 
X = 310 m— 50 m = 260 m. 
_ 2(60kg)(9.81m/s?)(310m) 


(260m) 
= 5.40 N/m 


k 
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Express the relationship between the 


forces acting on her when she has 
finally come to rest and solve for x: 


Evaluate x: 


Substitute in equation (1) and 
evaluate h: 


(b) Using conservation of energy, 
express her total energy E: 


Because v is a maximum when K is 
a maximum, solve for K:: 


Use the condition for an extreme 
value to obtain: 


Solve for and evaluate x: 


From equation (1) we have: 


Solve for v to obtain: 


and 
x= Ing 
k 
2: 
_ (60kg)(6.81m/s") _ 155, 
5.40 N/m 


h=310m-—50m—-109m =| 151m 


&=K+U,+U,=£,=0 


K =-U, -U, 
: (1) 
= mg(d + x)—4kx 
- = mg — kx = 0 for extreme values 
x 


_ mg _ (60kg)(9.81mis*) _ 544, 
k 5.40 Nim 


1mv? = mg(d + x)—4kx’ 


2 


v=,/2g(d payee 
m 


Substitute numerical values and evaluate v for x = 109 m: 


v= {2(¢81mis")60m +109 


2 


2 
) SAN im H105 9) = [453m | 
g 


Because 7 =—k <0, x= 109 m corresponds to Kyax and so v is a maximum. 
X 
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Picture the Problem Let the system be the 

earth and pendulum bob. Then W,,x; = 0. 

Choose U, = 0 at the low point of the bob’s 

swing and apply the law of the 

conservation of mechanical energy to its 

motion. When the bob reaches the 30° L | L 
position its energy will be partially kinetic | 
and partially potential. When it reaches its 
maximum height, its energy will be 

entirely potential. Applying Newton’s 2" 2 SN a 


law will allow us to express the tension in a ——{/=0 
the string as a function of the bob’s speed 1 g 
and its angular position. 
(a) Apply conservation of energy to W.., = AK + AU =0 
relate the energies of the bob at or 
points 1 and 2: K,—K,+U,-U, =0 
Because U;, = 0: imv; —4mv; +U, =0 
Express U>: U,= mgL(1 — cos 6) 
Substitute for U2 to obtain: 1mv; —4mv; +mgL(1—cos6) = 0 
Solve for vz: v= Vv — 2gL(1- cos 6) 
Substitute numerical values and evaluate vy: 
v, = \(4.5m/s)’ - 2(9.81m/s?)(3m)(1— cos30°) =| 3.52 m/s 
(b) From (a) we have: U,= mgL(1— cos 6) 
Substitute numerical values and U, = (2kg)(9.81m/s?)(3m)(1—cos30°) 
evaluate U>: _| 7.89] 


(c) Apply >; F aia) = M,qa;q, to the bob to T=mgcos@ =m a 


obtain: 


Solve for T: ve 
T =m| gcosO+ Ee 
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Substitute numerical values and evaluate T: 


f= ka} (.01ms' cosa» CSP) = 


m 
(d) When the bob reaches its greatest U =U, = mgL(1 — COs 6...) 
height: and 
K, +U,,,, = 9 
Substitute for K, and Umax —4mvy; + mgL(L — COS Prox) =0 
Solve for @nax: : 
Brag = C08| 1-1 
2gL 
Substitute numerical values and ‘ (4.5 m/s)” 
l Onn: Cs = COS” 1 2 
evaluate Gnax: 2(9.81m/s )(m) 


37. ee 
Picture the Problem Let the system 
consist of the earth and pendulum bob. 
Then Wex: = 0. Choose U, = 0 at the bottom 
of the circle and let points 1, 2 and 3 
represent the bob’s initial point, lowest 
point and highest point, respectively. The 
bob will gain speed and kinetic energy 
until it reaches point 2 and slow down until 
it reaches point 3; so it has its maximum 
kinetic energy when it is at point 2. We can 
use Newton’s 2” law at points 2 and 3 in 
conjunction with the law of the 
conservation of mechanical energy to find 
the maximum kinetic energy of the bob and 
the tension in the string when the bob has 
its maximum kinetic energy. 


(a) Apply > Fadial = MQ, adial to the 
bob at the top of the circle and solve 
for v3: and 
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Use conservation of energy to K,-—K,+U,—U, =0 where U, =0 
express the relationship between Ko, Therefore, 
K3 and U3 and solve for Ko: K, = K,,,, = K,+U; 

=1mv; +mg(2L) 


Substitute for v; and simplify to K,,, =+m(gL)+2mgL = 


obtain: 


(b) Apply ye =ma_,,.., to the 


2 
radial radial F 22. 
bob at the bottom of the circle and L 
solve for T>: and 


V 
T, Sng (1) 


Use conservation of energy to relate K,—K,+U,—U, =0 where U, =0 
the energies of the bob at points 2 K, =K,+U, 


d 3 and solve for Ko: 
and 3 and solve for Ky =1mv? +mg(2L) 


Substitute for v; and K» and solve 1mv; =4m(gL)+mg(2L) 


for v3: and 


Substitute in equation (1) to obtain: i= 
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Picture the Problem Let the system 

consist of the earth and child. Then 

Wext = 0. In the figure, the child’s initial 

position is designated with the numeral 1; 

the point at which the child releases the @| 

rope and begins to fall with a 2, and its L 

point of impact with the water is identified : 

with a 3. Choose U, = 0 at the water level. 

While one could use the law of the q===4 + 
conservation of energy between points 1 _1i L(1-cos@) 

and 2 and then between points 2 and 3, it is 3 ca 
more direct to consider the energy NN { 
transformations between points 1 and 3. Ug=0 3 ad 
Given our choice of the zero of 

gravitational potential energy, the initial 

potential energy at point 1 is transformed 

into kinetic energy at point 3. 


462 Chapter 7 


Apply conservation of energy to the W.., = AK + AU =0 
energy transformations between K,—-K,+U,—-U,=0 
points 1 and 3: where U, and K,are zero. 


Substitute for K3 and Uj; 1mv; —mg[h+ L(1—cos@)]=0 


Solve for vs: V3 = V29 [h + L(l—cos 6)] 


Substitute numerical values and evaluate v3: 


v; = /2(9.81m/s”)[3.2m + (10.6m)(1—cos23°)] =| 8.91m/s 


*3Q oe 

Picture the Problem Let the system 

consist of you and the earth. Then there are 

no external forces to do work on the system 

and Wex: = 0. In the figure, your initial 

position is designated with the numeral 1, 6! 

the point at which you release the rope and L 

begin to fall with a 2, and your point of : 

impact with the water is identified with a 3. F | 
Choose U, = 0 at the water level. We can i { 

apply Newton’s 2™ law to the forces acting 7 2 K\-cosé) 


on you at point 2 and apply conservation of 


energy between points 1 and 2 to determine ver Y ‘ 
the maximum angle at which you can begin Ug=0 sa 
your swing and then between points 1 and 
3 to determine the speed with which you 
will hit the water. 
(a) Use conservation of energy to W.. = AK +AU =0 
relate your speed at point 2 to your or 
potential energy there and at point 1: K, —K,+U, -U,=0 
Because K;, = 0: imv; +mgh 
—|mgL(1-cos@)+mgh]=0 

Solve this equation for @: v- 

@ =cos'|1-— 

2gL 


Apply y PP eaiah = MG agial to 


yourself at point 2 and solve for T: 


Because you’ve estimated that the 
rope might break if the tension in it 
exceeds your weight by 80 N, it 
must be that: 


Let’s assume your weight is 650 N. 
Then your mass is 66.3 kg and: 


Substitute numerical values in 
equation (1) to obtain: 


(b) Apply conservation of energy to 
the energy transformations between 
points 1 and 3: 


Substitute for K3 and U, to obtain: 


Solve for v3: 


Substitute numerical values and evaluate v3: 
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m~2 =80N 

or 

pee (80 N)L 
m 

Ve (0N}4.6m) = 5.55m’*/s* 
66.3kg 


4) 5.55m’*/s* 
0=cos |1 
2(9.81m/s?)(4.6m) 


= [202°] 
W.,, = AK +AU =0 


K,-—K,+U,—U, =0 where U, and 


K,are zero 


1 mv; —mg|h+ L(1—cos6)|= 0 


v3 = J2g[h+LG—cos@)| 


v; = /2(9.81m/s” [1.8m +(4.6m)(1—cos20.2°)| =| 6.39 mvs | 
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40 
Picture the Problem Choose U, = 0 at 
point 2, the lowest point of the bob’s 
trajectory and let the system consist of the 
bob and the earth. Given this choice, there 
are no external forces doing work on the 
system. Because @<< 1, we can use the 
trigonometric series for the sine and cosine 
functions to approximate these functions. 
The bob’s initial energy is partially 
gravitational potential and partially 
potential energy stored in the stretched 
spring. As the bob swings down to point 2 


this energy is transformed into kinetic 
energy. By equating these energies, we can 
derive an expression for the speed of the 
bob at point 2. 

Apply conservation of energy to the 4mv; =4kx? + mgL(1 — cos 6) 
system as the pendulum bob swings 

from point 1 to point 2: 


Note, from the figure, that x ~ Lsin@ imv; = 1k(L sin 6) + mgL(1 — cos 6) 
when 0<< 1: 
Also, when 0<< 1: sin 0 ~ @ and cos@ x 1-10° 


Substitute, simplify and solve for v»: kg 
Vy = L 0 —+ L 
m 
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Picture the Problem Choose U, = 0 at 
point 2, the lowest point of the bob’s 
trajectory and let the system consist of 
the earth, ceiling, spring, and pendulum 
bob. Given this choice, there are no 
external forces doing work to change 
the energy of the system. The bob’s 
initial energy is partially gravitational 
potential and partially potential energy 
stored in the stretched spring. As the 
bob swings down to point 2 this energy 
is transformed into kinetic energy. By 
equating these energies, we can derive 
an expression for the speed of the bob 
at point 2. 


Apply conservation of energy to the 
system as the pendulum bob swings 
from point 1 to point 2: 

Apply the Pythagorean theorem to the lower triangle in the diagram to obtain: 


(x+4L) = L|sin? 6 +(3cosoy |= LP [sin? 0+2-3cos+cos* o|= L’(3-3cos@) 


Take the square root of both sides of x+4L=LJ(2-3cosé 
the equation to obtain: 


Solve for x: x=L [(2=3cos 6) —4| 


Substitute for x in equation (1): 


imv; = 1422[,[(@—3cos6) —4| ; +mgL(1—cos@) 


Solve for v; to obtain: 


v= 2gL(1-cos)+—1' 2-3cos0 4 ° 


=£|2£(1-cose)+£| F=3co80 -4)"| 
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Finally, solve for v2: 


Vy | L,]22-coso)+* (B—Scosd = ° 


The Conservation of Energy 
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Picture the Problem The energy of the eruption is initially in the form of the kinetic 
energy of the material it thrusts into the air. This energy is then transformed into 
gravitational potential energy as the material rises. 


(a) Express the energy of the E =mgAh 
eruption in terms of the height Ah to 
which the debris rises: 


Relate the density of the material to m 
; p= 2 
its mass and volume: V 
Substitute for m to obtain: E = pVgAh 


Substitute numerical values and evaluate E: 


E = (1600kg/m°)(4km?)(9.81m/s?)(500m) = 


(b) Convert 3.13x10'° J to megatons of TNT: 


3.14x10°° J = 3.14x10"° Ix ae =| 7.48Mton TNT 
4.2x10"° J 
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Picture the Problem The work done by the student equals the change in his/her 
gravitational potential energy and is done as a result of the transformation of metabolic 
energy in the climber’s muscles. 


(a) The increase in gravitational AU = mgAh 
potential energy is: = (80 kg)(9.81m/ Ss )(@20 m) 


=| 94.2kJ 
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The energy required to do this work comes from chemical energy stored in 


the body. 


(c) Relate the chemical energy 
expended by the student to the 
change in his/her potential energy 
and solve for E: 


Kinetic Friction 


44. 


0.2E =AU 
and 


E =5AU =5(94.2kJ)= 


Picture the Problem Let the car and the earth be the system. As the car skids to a stop on 
a horizontal road, its kinetic energy is transformed into internal (i.e., thermal) energy. 


Knowing that energy is transformed into heat by friction, we can use the definition of the 


coefficient of kinetic friction to calculate its value. 


(a) The energy dissipated by friction 
is given by: 


Apply the work-energy theorem for 
problems with kinetic friction: 


Solve for fAs to obtain: 


Substitute numerical values and 
evaluate fAs: 


(b) Relate the kinetic friction force to 
the coefficient of kinetic friction and 
the weight of the car and solve for 
the coefficient of kinetic friction: 


Express the relationship between the 
energy dissipated by friction and the 


kinetic friction force and solve f,: 


Substitute to obtain: 


fAs = AE 


therm 


Wot = AE mech + AE 


ext mec 


therm = AG iach + fAs 
or, because AE.,., = AK = —K, and 
Wext = 0, 

0 =-—1mv; + fAs 


mech 


fAs = 4mv; 


fAs = 4(2000kg)(25m/s)’ =| 625kJ 


te 
mg 


fe =Mg > 1h, = 


AE erm 
AE therm = f,.As > fi = a 
As 
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Substitute numerical values and 
evaluate si: 


45 

Picture the Problem Let the system be the 
sled and the earth. Then the 40-N force is 
external to the system. The free-body 
diagram shows the forces acting on the sled 
as it is pulled along a horizontal road. The 
work done by the applied force can be 
found using the definition of work. To find 
the energy dissipated by friction, we’ll use 
Newton’s 2" law to determine fx and then 
use it in the definition of work. The change 
in the kinetic energy of the sled is equal to 
the net work done on it. Finally, knowing 
the kinetic energy of the sled after it has 
traveled 3 m will allow us to solve for its 
speed at that location. 


(a) Use the definition of work to 
calculate the work done by the 
applied force: 


(b) Express the energy dissipated by 
friction as the sled is dragged along 
the surface: 


Apply > F,, = ma, to the sled and 


solve for F;,: 


Substitute to obtain: 


Substitute numerical values and 
evaluate AE therm! 


(c) Apply the work-energy theorem 


625kJ 
2000 kg)(9.81m/s? (60m) 


| 


=| 0.531 


W.,, = F -S = Fscos0 
= (40 N\(3m)cos30° = 
DE icnen = fAx = [FAX 


F\+Fsin@—mg =0 
and 
F, =mg-Fsin@ 


DE es = 1, Ax(mg oe sin ) 
AE em = (0.4)(3m)|(8kg)(9.81m/s? ) 
—(40 N)sin30°] 
=| 70.2J 
Wes = AE eet + A ae = AE wnech r fAs 
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for problems with kinetic friction: or, because AEF,,,., = AK +AU and 
AU =0, 
Wert = AK + AE ices 

Solve for and evaluate AK to obtain: AK =W.,,, ~ AE werm = 104J —70.2J 


-[Ba) 


— . _ — 2 
(d) Because K; = 0: K, =AK =4mv; 


Solve for vs: _ |2AK 


Substitute numerical values and 2(33.8J ) 
Vv, = ,./————__ =| 2.91m/s 


evaluate vy: 


*46 ° 

Picture the Problem Choose U, = 0 at the foot of the ramp and let the system consist of 
the block, ramp, and the earth. Then the kinetic energy of the block at the foot of the 
ramp is equal to its initial kinetic energy less the energy dissipated by friction. The 
block’s kinetic energy at the foot of the incline is partially converted to gravitational 
potential energy and partially dissipated by friction as the block slides up the incline. The 
free-body diagram shows the forces acting on the block as it slides up the incline. 
Applying Newton’s 2" law to the block will allow us to determine f, and express the 
energy dissipated by friction. 


(a) Apply conservation of energy to Woe = AE nach + AE jon 


the system while the block is 
moving horizontally: 


Solve for Kg: 


= AK + AU + fAs 


or, because AU = W,x; = 0, 
0 = AK + fAs = K, —K, + fAs 


K, = K,— fAs 
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Substitute for K;, Ki, and fAs to 
obtain: 


Solving for v; yields: 


Substitute numerical values and 
evaluate vy: 


(b) Apply conservation of energy to 
the system while the block is on the 
incline: 


Apply iy F,, = ma, to the block 


when it is on the incline: 
Express fAs: 


The final potential energy 
of the block is: 


Substitute for U;, Ui, and fAs to 
obtain: 


Solving for L yields: 


Substitute numerical values and 
evaluate L: 
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1 2_1 2 
5mv; =>mMv; — 1,,mgAx 


Ye= VW — 21,gAx 


v, = (7 m/s)’ — 2(0.3)9.81m/s? (2m) 
=| 6.10m/s 


Wat = AE mech + AE 


ext 


therm 


= AK +AU + fAs 
or, because K; = Wext = 0, 


0=—K,+AU + fAs 


F, —mgcos@=0 => F, =mg cos@ 


fAs = f,L = 44,F,L = 44,.mgL cos @ 


U, =mgLsin@ 


0 =—-K, + mgLsin @ + 44,mgL cos @ 


L = PLA 
g(sin 6 + zz, cos 0) 
- 1(6.10m/s)’ 


~ (9.81m/s? (sin40° + (0.3)cos40°) 


=| 2.17m 


Picture the Problem Let the system include the block, the ramp and horizontal surface, 


and the earth. Given this choice, there are no external forces acting that will change the 


energy of the system. Because the curved ramp is frictionless, mechanical energy is 


conserved as the block slides down it. We can calculate its speed at the bottom of the 


ramp by using the law of the conservation of energy. The potential energy of the block at 


the top of the ramp or, equivalently, its kinetic energy at the bottom of the ramp is 
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converted into thermal energy during its slide along the horizontal surface. 


(a) Choosing U, = 0 at point 2 and Wore = AE mech + AE therm 
letting the numeral 1 designate the or, because Wex: = K, = U; = AE therm = 0, 
initial position of the block and the O=4 mv; —mgAh = 0 


numeral 2 its position at the foot of 
the ramp, use conservation of 
energy to relate the block’s potential 
energy at the top of the ramp to its 
kinetic energy at the bottom: 


Solve for v2 to obtain: V, =4/2gAh 


Substitute numerical values and V> = | 2(9.81m/s? \ 3m) —| 7.67m/s 


evaluate v»: 


(b) The energy dissipated by friction W, +AK +AU =AE,,,,,, + AK + AU =0 
is responsible for changing the 
thermal energy of the system: 


Because AK = 0 for the slide: W, =—AU = -U, -U,) =, 
Substitute numerical values and W, =mgAh = (2 kg)9.81m/s? 3 m) 
(c) The energy dissipated by friction AE nem = [AS = £4,mgAx 
is given by: 
Solve for 14: re AE srerm 

: mgAx 
Substitute numerical values and fice 98.9J 10.333 
evaluate Li: 7 (2 kg)(9.81m/s’ jo m) : 
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Picture the Problem Let the system consist of the earth, the girl, and the slide. Given 
this choice, there are no external forces doing work to change the energy of the system. 
By the time she reaches the bottom of the slide, her potential energy at the top of the slide 
has been converted into kinetic and thermal energy. Choose 

U, = 0 at the bottom of the slide and denote the top and bottom of the slide as shown in 
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the figure. We’ll use the work-energy theorem with friction to relate these quantities and 
the forces acting on her during her slide to determine the friction force that transforms 
some of her initial potential energy into thermal energy. 


(a) Express the work-energy Wax, = AK + AU + AE term = 9 
theorem: 
Because U> = K, = Wex = 0: 0=K,—-U,+AE ym = 9 

or 

AE therm = U, —K, = mgAh —imv; 


Substitute numerical values and evaluate AEjnem: 


AE tem = (20kg)(9.81m/s? \3.2m)-+(20kg)(1.3m/s)° = 


(b) Relate the energy dissipated by AE erm = [AS = 4,F,As 

friction to the kinetic friction force and 

and the distance over which this oF 

force acts and solve for “4: Me = FAs 

Apply >) F, =ma, to the girl and F, —mg cos@ =0>F, =mgcos@ 


solve for F;: 


Referring to the figure, relate Ah to ‘Ags Ah 
As and @: sind 
Substitute for As and F,, to obtain: = BE int — AE berm tan 0 
ne Ah ~ mgAh 
mg ——~cos@ 
sin? 


Substitute numerical values and evaluate sx: 
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- (611J)tan20° : 
“ ~ (20kg)(9.81m/s?\3.2m) _ 
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Picture the Problem Let the system consist of the two blocks, the shelf, and the earth. 
Given this choice, there are no external forces doing work to change the energy of the 
system. Due to the friction between the 4-kg block and the surface on which it slides, not 
all of the energy transformed during the fall of the 2-kg block is realized in the form of 
kinetic energy. We can find the energy dissipated by friction and then use the work- 
energy theorem with kinetic friction to find the speed of either block when they have 
moved the given distance. 


(a) The energy dissipated by friction AE werm = [AS = £4,.M,gy 
when the 2-kg block falls a distance 
y is given by: 
Substitute numerical values and AE. = (0.35\(4 kg)(9.81m/s? \y 
evaluate AE therm: = (13.7 N)y 
(b) From the work-energy theorem Woe = AE mech + AE them 
with kinetic friction we have: or, because Wex: = 0, 
AE ech = SOE sia = —(13.7N)y 
(c) Express the total mechanical 4(m, +m, v? —m,gy = —AE nenn 
energy of the system: 
Solve for v to obtain: —_ 2(m, gy — AE rer ) (1) 
m, +m, 


Substitute numerical values and evaluate v: 


oe | 2|(2kg)(9.81m/s*\(2m)-(13.73N\2m)] _ sams) 


4kg + 2kg 


*5Q ee 

Picture the Problem Let the system consist of the particle, the table, and the earth. Then 
Wext = 0 and the energy dissipated by friction during one revolution is the change in the 
thermal energy of the system. 


(a) Apply the work-energy theorem Wa =AK +AU + AE jem 
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with kinetic friction to obtain: 


Substitute for AK; and simplify to 
obtain: 


(b) Relate the energy dissipated by 
friction to the distance traveled and 
the coefficient of kinetic friction: 


Substitute for AE and solve for /4 to 
obtain: 


or, because AU = Wx: = 0, 


AE therm = fAs = 4,mgAs = u,mg(2ar) 


AE 


= therm _ 


3 2 
= acu 
2amgr 


3v5 
: 2amgr 16zgr 


(c) 


Because it lost 3 K; in one revolution, it will only require another 1/3 


revolution to lose the remaining + K,. 
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Picture the Problem The box will slow 


down and stop due to the dissipation of 
thermal energy. Let the system be the 
earth, the box, and the inclined plane and 
apply the work-energy theorem with 
friction. With this choice of the system, 
there are no external forces doing work to 
change the energy of the system. The free- 
body diagram shows the forces acting on 
the box when it is moving up the incline. 


Apply the work-energy theorem 
with friction to the system: 


Substitute for AK, AU, and AE jnerm to 
obtain: 


Referring to the FBD, relate the 
normal force to the weight of the 
box and the angle of the incline: 
Relate Ah to the distance L along the 


therm 
0=1mv; -1mvi+mgAh+ u,F,.L (1) 
F, =mgcosé 
Ah = Lsin@ 
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incline: 
Substitute in equation (1) to obtain: L,mgL cos 0 + 4.mv; —4 mv; (2) 
+ mgLsin@ =0 
Solving equation (2) for L yields: L= Vo 
2g(u, cos@+sin 4) 
Substitute numerical values and L= (3.8 m/s)’ 
evaluate L: ~ 2(9.81m/s? )(0.3)cos37° + sin37°] 
=| 0.875m 
Let v; represent the box’s speed as it 4,mgL cos @ + 4+mv; —4mv; 
passes its starting point on the way —mgLsin@ =0 
down the incline. For the block’s 
descent, equation (2) becomes: 
Set v; = 0 (the block starts from rest V; = Fi 2 gL(sin O — 14, COS 6) 


at the top of the incline) and solve 
for vy : 


Substitute numerical values and evaluate vy: 


v, = /2(9.81m/s’\0.875m)sin37° — (0.3)cos37"]] = 


52 eco 
Picture the Problem Let the system 
consist of the earth, the block, the incline, 


and the spring. With this choice of the Xn 

system, there are no external forces doing > Pa 

work to change the energy of the system. fy ra ; 
spring 


The free-body diagram shows the forces 
acting on the block just before it begins to 
move. We can apply Newton’s 2™ law to 
the block to obtain an expression for the 
extension of the spring at this instant. 
We’ll apply the work-energy theorem with 
friction to the second part of the problem. 
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when it is on the verge of sliding: and 
> F, =F, —mg cos@ =0 


Eliminate Fy, fgmax, aNd F spring kd — u,.mg cos @ — mg sin @ =0 
between the two equations to 
obtain: 
Solve for and evaluate d: mg. 
ladies d= “(sind + 44, cos 8) 
(b) Begin with the work-energy Wag = DE pea PAE as 
theorem with friction and no work = AK + AU git AU + AB go: 


being done by an external force: 


Because the block is at rest in both AU +AU, FAB go =O (1) 

its initial and final states, AK = 0 

and: 

Let U, = 0 at the initial position of AU, = Ug sinal Ug initial = mgh-0 

the block. Then: = mgd sin@ 

Express the change in the energy AU, =U, sina — U sina = 9-3 kd : 

stored in the spring as it relaxes to ee 

its unstretched length: ° 

The energy dissipated by friction is: AE nem = fAS=—f,d =—#,F.d 
=—,,mgd cos@ 

Substitute in equation (1) to obtain: mgd sin @ —+kd* — 44,mgd cos 6 = 0 


Finally, solve for s: i= 1(tan a- LU.) 


Mass and Energy 


53. 8 
Picture the Problem The intrinsic rest energy in matter is related to the mass of matter 
through Einstein’s equation E, = mc. 


(a) Relate the rest mass consumed 
to the energy produced and solve 
for and evaluate m: 


(b) Express kW-h in joules: 


Convert 9x10"" J to kW-h: 


Determine the price of the electrical 
energy: 


(c) Relate the energy consumed to 
its rate of consumption and the time 
and solve for the latter: 


54. 


Picture the Problem We can use the equation expressing the equivalence of energy and 
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E, =mc? 
= (1x10 kg)(3x10° m/s)” 


-[ S07 


1kW-h = (1x10? J/s)(1h)(3600s/h) 
= 3.60x10°J 


ox10?s =(9x103} ty ) 


3.60x10° J 
= 2.50x10’ kW-h 


Price = (2.50x10" kW: nl 0) 


kW-h 
[Baar] 


E=Pt 

and 
_F._ Oei0") 
~ P 100W 


=| 9x10"'s = 28,500y 


matter, E = mc’, to find the mass equivalent of the energy from the explosion. 


Solve E = mc? for m: 


Substitute numerical values and 
evaluate m: 


55° 


E 


5x10" J 
(2.998 10° m/s)’ 


=| 5.56x10~ kg 


Picture the Problem The intrinsic rest energy in matter is related to the mass of matter 
through Einstein’s equation E, = mc. 


Relate the rest mass of a muon to its Ez 
rest energy: Cc 


478 Chapter 7 


Express 1 MeV in joules: 1 MeV = 1.6x10°° J 
Substitute numerical values and ee (105.7 MeV)(1.6x107 J/MeV ) 
evaluate mo: a= (3x 10° m/s)” 


=| 1.88x10* kg 


*56 ° 
Picture the Problem We can differentiate the mass-energy equation to obtain an 
expression for the rate at which the black hole gains energy. 


Using the mass-energy relationship, E =0.01mc? 
express the energy radiated by the 
black hole: 
Differentiate this expression to dE d F , dm 
obtain an expression for the rate at ak = <[0.01me |= 0.01c dt 
which the black hole is radiating 
energy: 
Solve for dm/dt: dm_ dE/dt 
dt 0.01c? 
Substitute numerical values and dm 4x10* watt 


aluate dm/dt: ‘dt (0.01\(2. 998x108 m/s)2 
evaluate dm/dt dt — (0.01)(2.998x10° m/s)” 


=| 4.45x10"° kg/s 
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Picture the Problem The number of reactions per second is given by the ratio of the 
power generated to the energy released per reaction. The number of reactions that must 
take place to produce a given amount of energy is the ratio of the energy per second 
(power) to the energy released per second. 


In Example 7-15 it is shown that the 17.59 MeV = (17.59 MeV) 
energy per reaction is 17.59 MeV. x (1.6 x10 ev) 
Convert this energy to joules: ~98.1x1073 J 

The number of reactions per second is: 1000 J/s 


28.1x10°% J/reaction 


=| 3.56x10" reactions/s 
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Picture the Problem The energy required for this reaction is the difference between the 
rest energy of “He and the sum of the rest energies of “He and a neutron. 


Express the reaction: “He>°He+n 


The rest energy of a neutron 939.573 MeV 
(Table 7-1) is: 


The rest energy of “He 3727.409 MeV 
(Example 7-15) is: 


The rest energy of *He is: 2808.432 MeV 


Substitute numerical values to find the difference in the rest energy of “He and the sum of 
the rest energies of “He and n: 


E =[3727.409 —(2808.41+939.573)| MeV =| 20.574MeV 
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Picture the Problem The energy required for this reaction is the difference between the 
rest energy of a neutron and the sum of the rest energies of a proton and an electron. 


The rest energy of a proton (Table 938.280 MeV 
7-1) is: 
The rest energy of an electron 0.511 MeV 


(Table 7-1) is: 


The rest energy of a neutron (Table 939.573 MeV 
7-1) is: 
Substitute numerical values to find E =[939.573—(938.280 + 0.511)] MeV 


the difference in the rest energy of a —| 0.782 MeV 


neutron and the sum of the rest 
energies of a positron and an 
electron: 
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Picture the Problem The reaction is* H+” H—>*He + E . The energy released in this 
reaction is the difference between twice the rest energy of “H and the rest energy of “He. 
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The number of reactions that must take place to produce a given amount of energy is the 


ratio of the energy per second (power) to the energy released per reaction. 


(a) The rest energy of “He 
(Example 7-14) is: 


The rest energy of a deuteron, °H, 
(Table 7-1) is: 


The energy released in the reaction 
is: 


(b) The number of reactions per 
second is: 
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3727.409 MeV 


1875.628 MeV 
E = [2(1875.628)—3727.409] Mev 


=| 23.847 MeV = 3.816x10° "J 


1000 J/s 
3.816 x10” J/reaction 


=| 2.62 x10" reactions/s 


Picture the Problem The annual consumption of matter by the fission plant is the ratio 


of its annual energy output to the square of the speed of light. The annual consumption 


of coal in a coal-burning power plant is the ratio of its annual energy output to energy 


per unit mass of the coal. 


(a) Express m in terms of E: 


Assuming an efficiency of 33 
percent, find the energy produced 
annually: 


Substitute to obtain: 


(b) Assuming an efficiency of 38 
percent, express the mass of coal 
required in terms of the annual 
energy production and the energy 
released per kilogram: 


2.84x10" J 
—— 


Meal ~ 0 38(E /m) 


E =3PAt = 3(3x10° J/s)(1y) 


= 3(3x10° J/s)(3600s/h) 
x (24h/d)(365.24d) 
= 2.84x10" J 


= ———— =) 3.16k 
(3x10° m/s) sl 


9.47x10'°J 
0.38(3.1x107 J/kg) 


=| 8.04x10’ kg 


E 


annual 
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General Problems 


*G2 ee 
Picture the Problem Let the system 
consist of the block, the earth, and the 
incline. Then the tension in the string is an 
external force that will do work to change 
the energy of the system. Because the 
incline is frictionless; the work done by 


the tension in the string as it displaces the 
block on the incline is equal to the sum of 
the changes in the kinetic and 
gravitational potential energies. 


Relate the work done by the tension Wrension force = Wexr = AU + AK 
force to the changes in the kinetic 

and gravitational potential energies 

of the block: 


Referring to the figure, express the AU = mgAh = mgL sin @ 
change in the potential energy of the 

block as it moves from position 1 to 

position 2: 


Because the block starts from rest: AK = K, =4mv 
Substitute to obtain: 


= mgL sin 0 + 4mv* 


tension force 


and| (c) is correct. 
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Picture the Problem Let the system 
include the earth, the block, and the 
inclined plane. Then there are no external 
forces to do work on the system and 

Wex = 0. Apply the work-energy theorem 
with friction to find an expression for the 


energy dissipated by friction. 


Express the work-energy theorem Wax = AK + AU + AE hem = 9 
with friction: 
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Because the velocity of the block is 
constant, AK = 0 and: 


In time At the block slides a 
distance vVAt . From the figure: 


Substitute to obtain: 
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AE herm = ~AU =—mgAh 
Ah = vAt sin 8 
AE therm = ~MgvAt sin 0 


and | (b) is correct. 


Picture the Problem Let the system include the earth and the box. Then the applied 
force is external to the system and does work on the system in compressing the spring. 


This work is stored in the spring as potential energy. 


Express the work-energy theorem: 


Because AK = AU, =AE =0: 


therm 


Substitute for W,,, and AU,: 


Solve for x: 


Substitute numerical values and 
evaluate x: 
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Wax = AK + AU + AU, + AE nem 
Wort = AU, 
Fx = kx’? 
2F 
x= 
k 


__2(70N) _ 
6800 N/m = [2.06cm | 


Picture the Problem The solar constant is the average energy per unit area and per unit 


time reaching the upper atmosphere. This physical quantity can be thought of as the 


power per unit area and is known as intensity. 


Letting [surface represent the intensity 
of the solar radiation at the surface 
of the earth, express surface aS a 
function of power and the area on 
which this energy is incident: 


Solve for AE: 


I 


af 
surface A A 


Substitute numerical values and 
evaluate AE: 
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AE = (LkW/m? )(2m?)(8h)(3600s/h) 
=| 57.6MJ 


Picture the Problem The luminosity of the sun (or of any other object) is the product of 
the power it radiates per unit area and its surface area. If we let L represent the sun’s 
luminosity, I the power it radiates per unit area (also known as the solar constant or the 
intensity of its radiation), and A its surface area, then 

L = IA. We can estimate the solar lifetime by dividing the number of hydrogen nuclei in 
the sun by the rate at which they are being transformed into energy. 


(a) Express the total energy the sun 
radiates every second in terms of the 
solar constant: 


Letting R represent its radius, 
express the surface area of the sun: 


Substitute to obtain: 


Substitute numerical values and 
evaluate L: 


(b) Express the solar lifetime in 
terms of the mass of the sun and the 
rate at which its mass is being 
converted to energy: 


Substitute numerical values to obtain: 


For each reaction, 4 hydrogen 
nuclei are "used up"; so: 


L=IA 
A= 4R* 
L=4aR°I 


L = 4x (1.5x10" m) (1.35kW/m?) 
=| 3.82 x10” watt 


Note that this result is in good agreement 
with the value given in the text of 3.9x10°° 
watt. 


t = gage M/m 
str An/At — An/At 


where M is the mass of the sun, m the mass 
of a hydrogen nucleus, and n is the number 
of nuclei used up. 


1.99x10” kg 
_ 1.67x10~ kg/Hnucleus 
solar ~ An/At 
_ 1.1910" H nuclei 
7 An/At 


An _ 4(3.82x10* J/s) 
At  4.27x10°"J 


= 3.57x10%s57 
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Because we’ve assumed that the sun 
will continue burning until roughly 
10% of its hydrogen fuel is used up, 
the total solar lifetime should be: 


67 ° 


solar 


3.57x10% 57 


= 3.33x10'’s =| 1.06x10" y 


j. x10" H uae) 
t.. =0. 


Picture the Problem Let the system include the earth and the Spirit of America. Then 


there are no external forces to do work on the car and W,,; = 0. We can use the work- 


energy theorem to relate the coefficient of kinetic friction to the given information. A 


constant-acceleration equation will yield the car’s velocity when 60 s have elapsed. 


(a) Apply the work-energy theorem 
with friction to relate the coefficient 
of kinetic friction 4 to the initial 

and final kinetic energies of the car: 


Solve for “4: 


Substitute numerical values and 
evaluate 44: 


(b) Express the kinetic energy of the 
car: 


Using a constant-acceleration 
equation, relate the speed of the car 
to its acceleration, initial speed, and 


the elapsed time: 


Express the braking force acting on 
the car: 


Solve for a: 


Substitute for a to obtain: 


Substitute in equation (1) to obtain: 


Substitute numerical values and evaluate K: 


1 2 _ 1 2 = 
zmv° —zmv, + 4,mgAs = 0 
or, because v = 0, 

1 2 = 
— 5 mv, + 44,mgAs = 0 


2 
Vv 


~ 2gAs 


My 


_ [(708km/h)(1h/3600s)]* _ [0.208 | 


M ~~ 9[9.81m/s?)(9.5km) 


(1) 
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K = 4(1250kg)|708x10° m/h- (0.208)(9.81m/s?)(60s)]° =| 3.45MJ 
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Picture the Problem The free-body 
diagram shows the forces acting on the 
skiers as they are towed up the slope at 
constant speed. Because the power 
required to move them is F -V,we need to 
find F as a function of mi, 0, and 44. We 
can apply Newton’s 2™ law to obtain such 


a function. 


Express the power required as a P=Fv (1) 
function of force on the skiers and 
their speed: 


Apply YF = ma to the skiers: Fe =F -—f,-—m,,gsin@ =0 
and 
DF, = F,-—m,,g cos@ =0 


Eliminate f, = 4, and F,, between F=m,,gsin@ + 44,M,,.g cos @ 
the two equations and solve for F: 


Substitute in equation (1) to obtain: P= (m, gsin@ + 14,M,,,g COS O)v 
= m,,,gv(sin 0 + 44, cosO) 


Substitute numerical values and evaluate P: 


P =80(75kg)(9.81m/s? )(2.5m/s)[sin15° + (0.06)cos15°]=| 46.6kW 
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Picture the Problem The free-body 
diagram for the box is superimposed on the 
pictorial representation shown to the right. 
The work done by friction slows and 
momentarily stops the box as it slides up 
the incline. The box’s speed when it 
returns to bottom of the incline will be less 
than its speed when it started up the incline 
due to the energy dissipated by friction 
while it was in motion. Let the system 
include the box, the earth, and the incline. 
Then Wex: = 0. We can use the work-energy 
theorem with friction to solve the several 
parts of this problem. 


(a) | normal force exerted by the inclined plane, a kinetic friction force, and 


(b) Apply the work-energy theorem with 
friction to relate the distance Ax the box 
slides up the incline to its initial kinetic 
energy, its final potential energy, and the 
work done against friction: 


Referring to the figure, relate Ah to Ax to 
obtain: 


Substitute for Ah to obtain: 


Solve for Ax: 


Substitute numerical values and evaluate 
AX: 


From the FBD we can see that the forces acting on the box are the 


the gravitational force (the weight of the box) exerted by the earth. 


—1mv; +mgAh + 44,mgAx cos 6 = 0 


Ah = Axsin@ 


—4mv; + mgAxsin 0 
+ 4,mgAx cos 6 = 0 
Vp 


AX = 
2g(sin@ + 44, cosO) 


(3m/s) 
2(9.81m/s” |sin60° + (0.3)cos60°| 
=| 0.451m 
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(c) Express and evaluate the energy dissipated by friction: 


AE wnerm = [AX = 44,.mgAx cos 8 
= (0.3)(2kg)(9.81m/s? (0.451m)cos60° =| 1.33J 
(d) Use the work-energy theorem with Wey, = AK +AU + AE therm = 9 
friction to obtain: or 
K,-—K, +U,—-U, + AE, en = 9 
Because K = U; = 0 we have: K, —U, + AE jem = 9 


or 
1 2 . 
5mv, —mgAxsin @ 


+ 4,mgAx cos 6 = 0 


Solve for v;: v= .{2gAx(sin O— £8, cos @) 


Substitute numerical values and evaluate vj: 


v, = /2(9.81m/s? (0.451m)[sin60° — (0.3)cos60°] = 


*70 ° 
Picture the Problem The power provided by a motor that is delivering sufficient energy 
to exert a force F on a load which it is moving at a speed v is Fv. 


The power provided by the motor is P=Fv 
given by: 
Because the elevator is ascending F= (Macy + Maa g 


with constant speed, the tension in 
the support cable(s) is: 


Substitute for F to obtain: P= (May + Moaa )gv 


Substitute numerical values and P = (2000kg)(9.81m/s)(2.3m/s) 


evaluate P: = 
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Picture the Problem The power a motor must provide to exert a force F on a load that it 


is moving at a speed v is Fv. The counterweight does negative work and the power of the 


motor is reduced from that required with no counterbalance. 


The power provided by the motor is 
given by: 


Because the elevator is 
counterbalanced and ascending with 
constant speed, the tension in the 


support cable(s) is: 


Substitute and evaluate P: 


Substitute numerical values and 
evaluate P: 


Without a load: 
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P = (m Sg Moaa a Moy Jgv 


elev 


P = (500kg)(9.81m/s? )(2.3m/s) 
=|11.3kW 


i= (Mae, a Moy Jg 
and 
P= (Macy = Moy Jav 
= (~300kg)(9.81m/s?)(2.3m/s) 


- [77K] 


Picture the Problem We can use the work-energy theorem with friction to describe the 


energy transformation within the dart-spring-air-earth system. With this choice of the 


system, there are no external forces to do work on the system; i.e., Wex = 0. Choose Us, = 


O at the elevation of the dart on the compressed spring. The energy initially stored in the 


spring is transformed into gravitational potential energy and thermal energy. During the 


dart’s descent, its gravitational potential energy is transformed into kinetic energy and 


thermal energy. 


Apply conservation of energy 
during the dart’s ascent: 


Because U,, =U,; =0: 


Wat = AK + AU + AE vom = 9 


ext therm 
or, because AK = 0, 


Us: — U,; +U,, —-U,, + AE =0 


therm 


U,¢ Us; + AE nem = 0 


therm 
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Substitute for U,; and U;¢ and solve AE therm =U, —U gs = 1kx* —mgh 
for AE therm: 
Substitute numerical values and AE ner = 4(5000 N/m \0.03 m) 
evaluate Ahi — (0.007 kg (9.81m/s? (24m) 
=| 0.602J 
Apply conservation of energy Weg = AK PAU PAE gy = 0 
during the dart’s descent: or, because K; = Uzs = 0, 
K; -U,; PAE ssi = 0 

Substitute for Ky and U,; to obtain: imv; —mgh+ AE... =0 
Solve for vs: V.= ja = AE tnerm) 

= 

m 


Substitute numerical values and evaluate vs: 


— | 2[(0.007 kg (9.81m/s?(24m)-— 0.6023] _ 73m] 


0.007 kg 
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Picture the Problem Let the system consist of the earth, rock and air. Given this choice, 
there are no external forces to do work on the system and W,,; = 0. Choose U, = 0 to be 
where the rock begins its upward motion. The initial kinetic energy of the rock is partially 
transformed into potential energy and partially dissipated by air resistance as the rock 
ascends. During its descent, its potential energy is partially transformed into kinetic 
energy and partially dissipated by air resistance. 


(a) Using the definition of kinetic K, =imv; = (0 kg)\(40 m/s)" 
energy, calculate the initial kinetic _|160kJ 
energy of the rock: 
(b) Apply the work-energy theorem AK + AU + AE om = 9 
with friction to relate the energies of 
the system as the rock ascends: 
Because K;= 0: —K, +AU + AE, 4, = 9 
and 
AE therm = K, —AU 
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Substitute numerical values and AE jyem =1600J —(2kg)(9.81m/s? (50m) 
evaluate AE jherm: —| 619] 
(c) Apply the work-energy theorem AK + AU +0.7AE tim = 9 
with friction to relate the energies of 
the system as the rock descends: 
Because K;= U; = 0: Ky —U;, + 0.7 AE nem = 9 
Substitute for the energies to obtain: Lmv; —mgh+0.7AE sem = 0 
Solve for v¢: 1.4AE 

f V; = {Pat —_ therm 

m 

Substitute numerical values and 1.4(619J 

| V; = {2tosims?}o m)—1-4(619)) 
evaluate ve: 2kg 


74, 

Picture the Problem Let the distance the block slides before striking the spring be L. 
The pictorial representation shows the block at the top of the incline (1), just as it strikes 
the spring (2), and the block against the fully compressed spring (3). Let the block, 
spring, and the earth comprise the system. Then W,,: = 0. Let U, = 0 where the spring is 
at maximum compression. We can apply the work-energy theorem to relate the energies 
of the system as it evolves from state 1 to state 3. 


Express the work-energy theorem: AK + AU, +AU, =0 


or 
AK +U,, -U,, +U,3 —U,, =0 
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Because AK = Ug3 = Us, = 0: -U,, 70, =0 


Substitute for each of these energy —mgh, +4+kx* =0 
terms to obtain: 


Substitute for h3 and h;: —mg (L + x)sin O+ 4 kx? =0 
Rewrite this equation explicitly as a es 2mg sind = 2mgLsin@ _ 0 
quadratic equation: k k 


Solve this quadratic equation to obtain: 


2 
x=| eo sine (42) Weel ee 
k k k 


Note that the negative sign between the two terms leads to a non-physical solution. 
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Picture the Problem We can find the work done by the girder on the slab by calculating 
the change in the potential energy of the slab. 


(a) Relate the work the girder does W =AU =mgAh 


on the slab to the change in 
potential energy of the slab: 


Substitute numerical values and W= (1.5 x10* kg)(9.81m/s? )(0.001m) 


evaluate W: 
=| 147J 


The energy is transferred to the girder from its surroundings, which are 


warmer than the girder. As the temperature of the girder rises, the atoms 


(b) 


in the girder vibrate with a greater average kinetic energy, leading toa 


larger average separation, which causes the girder's expansion. 
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Picture the Problem The average power delivered by the car’s engine is the rate at 
which it changes the car’s energy. Because the car is slowing down as it climbs the hill, 
its potential energy increases and its kinetic energy decreases. 


Express the average power delivered P AE 
by the car’s engine: “At 
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Express the increase in the car’s AE = AK + AU 

mechanical energy: = KiKi a ee 
=4mv;,, —+Mv,. +mgAh 
= imlv2, —ve + 2gAh) 


Substitute numerical values and evaluate AE: 


AE = +(1500kg)|(10 m/s)’ — (24 m/s)’ + 2(9.81m/s?)(120m)|-1.41MJ 


Assuming that the acceleration of Vion © Vb 

. feats = ——— =17m/s 
the car is constant, find its average _ 2 
speed during this climb: 
Using the v,y, find the time it takes Gem As 7 000m 1185 
the car to climb the hill: Vv 17 m/s 


Substitute to determine P,y: 1.41MJ 
wy P= =| 11.9kW 
See? 


“77 3 

Picture the Problem Given the potential energy function as a function of y, we can find 
the net force acting on a given system from F = —dU / dy . The maximum extension of 
the spring; i.e., the lowest position of the mass on its end, can be found by applying the 
work-energy theorem. The equilibrium position of the system can be found by applying 
the work-energy theorem with friction ... as can the amount of thermal energy produced 
as the system oscillates to its equilibrium position. 


(a) The graph of U as a function of y is shown to the right. Because k and m are not 
specified, k has been set equal to 2 and mg to 1. The spring is unstretched when y = yo = 
0. Note that the minimum value of U (a position of stable equilibrium) occurs near y =5 
m. 
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1.0 

0.8 

0.6 

= 04 
B09 

0.0 

-0.2 

0.4 

0.0 O02 O04 O06 O8 10 12 #14 «16 
y (m) 
dU d 
(b) Evaluate the negative of the es _ (1 ky? —m gy) 
derivative of U with respect to y: dy d 
=| —ky+mg 
(c) Apply conservation of energy to AK + AU + AE ne, = 9 
the movement of the mass from y = 
0 toy = Vmax? 
Because AK = 0 (the object starts AU = U(Ymax) — U(0) = 0 
from rest and is momentarily at rest 
at Y = Vmax) and AF therm = 0 (no 
friction), it follows that: 
Because U(0) = 0: U(Vimax) = 0 => +ky~,. —MGY na. = 0 
Solve for Vmax: _| 2mg 
max k 
(d) Express the condition of F at F., =0 => —ky,, +mg =0 
equilibrium and solve for Veg: and 
Baal 
tae 

(e) Apply the conservation of energy AK + AU + AE bem = 9 
to the movement of the mass from y or, because AK = 0. 
=O0tOY = Yeq and solve for AE therm: AE erm = AU =U, -U, 
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Because U, = U(0)=0: AE iyem =U, =—(4ky2, — may, ) 
eas for Yeq and simplify to ie 7 m g 2 

obtain: neon Ik 
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Picture the Problem The energy stored in the compressed spring is initially transformed 
into the kinetic energy of the signal flare and then into gravitational potential energy and 
thermal energy as the flare climbs to its maximum height. Let the system contain the 
earth, the air, and the flare so that W,x: = 0. We can use the work-energy theorem with 
friction in the analysis of the energy transformations during the motion of the flare. 


(a) The work done on the spring in W. = K, tare = 


compressing it is equal to the kinetic 
energy of the flare at launch. 


Therefore: 

(b) Ignoring changes in gravitational AK + AU, =0 

potential energy (i.e., assume that or 

the compression of the spring is K, —K, +U,, -U,, =0 


small compared to the maximum 
elevation of the flare), apply the 
conservation of energy to the 
transformation that takes place as 
the spring decompresses and gives 
the flare its launch speed: 


Because K; = AU, = Us: K, - U,, =0 
Substitute for K, and U,;: 4+mv; —4kd* =0 
Solve for k to obtain: mv, 
k= rE 
(c) Apply the work-energy theorem AK +AU, + AE gc = 0 


with friction to the upward 
trajectory of the flare: 
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Solve for AE therm! AE therm = ~AK — AU, 

= K, -—K, +U, —U, 
Because K; = U; = 0: AE erm = 
79 


Picture the Problem Let Up = 0. Choose 
the system to include the earth, the track, 
and the car. Then there are no external 
forces to do work on the system and 
change its energy and we can use 
Newton’s 2™ law and the work-energy 
theorem to describe the system’s energy 
transformations to point G ... and then the 
work-energy theorem with friction to 
determine the braking force that brings the 
car to a stop. The free-body diagram for 


point C is shown to the right. 


The free-body diagram for point D is | 
shown to the right. fF 


The free-body diagram for point ‘ 


F is shown to the right. Fi, 
x—- <<") -— - — 
F 

mg 
(a) Apply the work-energy theorem AK + AU =0 
to the system’s energy or 
transformations between A and B: Ba HK, tU, Uy =0 
If we assume that the car arrives at —1mv;, +mgAh =0 


point B with vp = 0, then: where Ah is the difference in elevation 


between A and B. 


496 Chapter 7 


Solve for and evaluate Ah: 2 F 
ieee ea 3 =7.34m 
2g  2(9.81m/s”) 
The height above the ground is: h+ Ah =10m+4+7.34m =| 17.3m 
(b) If the car just makes it to point Fee onto = 
s ae = gets oe = x _ (500 kg)(9.81m/s") 
then the force exerted by the trac 
on the car will be the normal force: =|4.91kN 
(c) Apply > F,,= ma, to the car at mg sin @ = ma 
point C (see the FBD) and solve for and 
- a = gsin 6 =(9.81m/s" kin30° 
=| 4.91m/s? 
(d) Apply > F,, =ma, to the car at F.—mg =m “a 


point D (see the FBD) and solve for 
F,: and 


Apply the work-energy theorem to AK + AU =0 
the system’s energy transformations or 
between B and D: K, —K, +U, —U, =0 
Because Kp = Up = 0: K, —U, =0 
Substitute to obtain: 1 mv; —mg(h+Ah)=0 
Solve for vz: ve = 2g(h+ Ah) 
Substitute to find F,: Ve 
Fi =mg +m— 
2g(h+ Ah 
=mg+m a . ) 
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Substitute numerical values and 2(17. 
F, =(500 kg) 81a") 1304) 
evaluate F,: zi 20m 


=| 13.4KN, directed upward. 


(e) F has two components at point F; > F, = F,-mg =0=> F, =mg 
one horizontal (the inward force that 
the track exerts) and the other y2 

F 
vertical (the normal force). Apply peg Meet fee Las 
>» F = mato the car at point F: 


and 


Express the resultant of these two F= F? + F? 
forces: 
2 2 
Ve 2 
=,|| m—| +(m 
| ; (mg) 
4 
=m — +g° 
Substitute numerical values and (1 2m is)" : 
sian = F =(500kg) Gomy +(9.81m/s?) 
=| 5.46kN 
Find the angle the resultant makes R 
- 6 =tan7) = |= tan7| 9 
with the x axis: F Vz 
9.81m/s* (30m 
= tan | Ie ) =| 63.9° 
(12m/s) 
(f) Apply the work-energy theorem — Kg + AB bem = 9 
with friction to the system’s energy and 
transformations between F and the AE a = KS imve 
car’s stopping position: 
The work done by friction is also AE berm = [AS = Firaked 
given by: where d is the stopping distance. 
Equate the two expressions for mv; 


AE therm and solve for Firake! brake 5 
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Substitute numerical values and 
evaluate Frrake: 


*80 ° 

Picture the Problem The rate of 
conversion of mechanical energy can be 
determined from P = F -V. The pictorial 
representation shows the elevator moving 
downward just as it goes into freefall as 
state 1. In state 2 the elevator is moving 
faster and is about to strike the relaxed 
spring. The momentarily at rest elevator on 
the compressed spring is shown as state 3. 
Let U, = 0 where the spring has its 
maximum compression and the system 
consist of the earth, the elevator, and the 
spring. Then W.x, = 0 and we can apply the 
conservation of mechanical energy to the 
analysis of the falling elevator and 
compressing spring. 


(a) Express the rate of conversion of 
mechanical energy to thermal 
energy as a function of the speed of 
the elevator and braking force 
acting on it: 


Because the elevator is moving with 
constant speed, the net force acting 


on it is zero and: 


Substitute for Foraking and evaluate P: 


(b) Apply the conservation of 
energy to the falling elevator and 
compressing spring: 


Because K3 = Ug3 = Us; = 0: 


(500kg \12 m/s)’ 
Face = =| 1.44kN 
brake 2(25 m) 


M 
; ll 
lw 
Ay M 
T — U,=0 
I 2 3 
P = PeadanV6 
idea = Mg 
P= Mgv, 
= (2000kg)(9.81m/s? }(1.5m/s) 
=| 29.4kw 


AK +AU, +AU, =0 


or 
K,—-K, Us -U,, +U,,—U,, =0 


—4Mv, — Mg(d + Ay)+4k(Ay)’ =0 
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. . . . 2M M 
ails as equation = a quadratic . ( in : g Ay (29 A ciey 2 ) -~0 
equation in Ay, the maximum compression k 
of the spring: 
Solve for Ay to obtain: Mg M’*g? M 
y= Ms | ke +—(2gd +v2) 


Substitute numerical values and evaluate Ay: 


(2000kg\9.81m/s’ ) 
1.5x10* N/m 


Ay = 


[2(9.81mv/s?\'5m)+(1.5mvs)'| 


, |(2000kg)"(9.81mis*} | 2000kg 
(.5x10'N/ym) =—-1.5x10* N/m 


-[5:58] 


81 

Picture the Problem We can use Newton’s 2” law to determine the force of friction as a 
function of the angle of the hill for a given constant speed. The power output of the 
engine is given by P = F, ‘Vv. 


FBD for (a): FBD for (b): 


(a) Apply > F, = ma, to the car: mg sin@—F, =0=> F, =mgsin@ 
Evaluate F; for the two speeds: F,, = (1000 kg)(9.81m/s? )sin2.87° 
=| 491N 
and 


Fy, = (1000 kg)(9.81m/s? }sin5.74° 


-[S8iN] 


(b) Express the power an engine P=F ad 
must deliver on a level road in order p= ( 491N)(20m /s) _[982kw 
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to overcome friction loss and and 


evaluate this expression for B= (98 1N)(30 m/s) = 


v = 20 m/s and 30 m/s: 


(c) Apply dF, = ma, to the car: DF, =F -—mgsin@d—-F, =0 


Relate F to the power output of the Since P = Fv, F = P 
Vv 


engine and the speed of the car: 


Substitute for F and solve for 0: P_ F 
20 
@=sin"| ¥ 
mg 
Substitute numerical values and 40kW _ 491N 
evaluate 0: 4 20 m/s 
6 =sin : 
(1000kg)(9.81m/s? ) 
=| 8.85° 
(d) Express the equivalence of the Weagine = Fog (As) 5 = F,, (As) 
work done by the engine in driving 
the car at the two speeds: 
Let AV represent the volume of fuel EF (As) _F (As ) 5 
consumed by the engine driving the *° AV IV 
car on a level road and divide both 
sides of the work equation by AV to 
obtain: 
Solve for AS) : (As);, = Foy (As)q 
AV AV F, AV 

Substitute numerical values and (As), - 491N (12 7km /L) 

(As)so AV 981N\~ 
evaluate ———: 

=| 6.36km/L 

82 ee 


Picture the Problem Let the system include the earth, block, spring, and incline. Then 
Wext = 0. The pictorial representation to the left shows the block sliding down the incline 
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and compressing the spring. Choose U, = 0 at the elevation at which the spring is fully 


compressed. We can use the conservation of mechanical energy to determine the 


maximum compression of the spring. The pictorial representation to the right shows the 


block sliding up the rough incline after being accelerated by the fully compressed spring. 


We can use the work-energy theorem with friction to determine how far up the incline the 


block slides before stopping. 


(a) Apply conservation of 
mechanical energy to the system as 
it evolves from state 1 to state 3: 


Because 
K,=K, =U,, =U,, =0: 


Relate Ah to L + x and @ and 
substitute to obtain: 


Rewrite this equation in the form of 
an explicit quadratic equation: 


Substitute for k, m, g, @and L to 
obtain: 


Solve for the physically meaningful 
(i.e., positive) root: 


(b) Proceed as in (a) but include 
energy dissipated by friction: 


The mechanical energy transformed 
to thermal energy is given by: 


AK +AU, + AU, =0 


or 

Ka=K, Oe =U 4 
a U,; = Un > 0 

—U,,+U,, =0 

or 


—mgAh + 4+kx* =0 


Ah =(L+x)sin@ 
-Lkx? —mg(L + x)sin@ = 0 


1 kx? —(mg sin @)x — mgL sin 0 = 0 


[50% —(9.81N)x —39.24J =0 


m 
x =| 0.989m 
=U a U,, a AE therm = 0 
AE therm = F; (L +x) = UF, (L te x) 


= L,mg COs OL + x) 
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Substitute for Ah and AE jem to 
obtain: 


Substitute for k, m, g, @ 44 and L to 
obtain: 


Solve for the positive root: 
(c) Apply the work-energy theorem 
with friction to the system as it 


evolves from state 3 to state 4: 


Because 
K,=K, =U,, =U,, =0: 


Substitute for Ah’ and AE jherm to 
obtain: 


Solve for L’ with x = 0.783 m: 
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—mg(L + x)sin 0 +4kx’ 
+ u,mg cosO(L + x)=0 


[50% —(6.41N)x — 25.653 =0 
m 


X =| 0.783m 


K,—-K, +U a4 =U 


+U,,—U,,+AE,.., =9 


therm 


U,, 4 U3 + AE inorm = 0 


g,4 therm 


or 
—mgAh'+ £kx* + AE jem = 0 


—mg(L'+x)sin 6 + 4 kx? 
+ L4,mg COs O(L'+x) =0 


L'=/1.54m 


Picture the Problem The work done by the engines maintains the kinetic energy of the 


cars and overcomes the work done by frictional forces. Let the system include the earth, 


track, and the cars but not the engines. Then the engines will do external work on the 


system and we can use this work to find the power output of the train’s engines. 


(a) Use the definition of kinetic 
energy: 


(b) The change in potential energy 
of the train is: 


(c) Express the energy dissipated by 
kinetic friction: 


K=tmv 
2 
24(2x10°Ke] 152 
h 3600s 
=) 17.4MJ 
AU =mgAh 


=(2x10° kg\9.81 m/s? (707m) 
=| 1.39x10" J 


= fAs 


wAE, 


therm 
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Express the frictional force: f =0.008mg 


Substitute for f and evaluate AE hem: 


AE em = 0.008mgAs = 0.008(2X10° kg )(9.81m/s? (62 km) = 


(d) Express the power output of the pe AW 

train’s engines in terms of the work At 

done by them: 

Use the work-energy theorem with W.., = AK +AU + AE, 
friction to find the work done by the or, because AK = 0, 

train’s engines: Wa =AU+ AE serm 

Find the time during which the Av= As 

engines do this work: Vv 

Substitute in the expression for P to p= (AU + AE wenn MY 
obtain: As 


Substitute numerical values and evaluate P: 


15 km. th 


P =(1.39x10"° J +9.73x10° / ra) = 


*B4 oe 
Picture the Problem While on a horizontal surface, the work done by an automobile 
engine changes the kinetic energy of the car and does work against friction. These 
energy transformations are described by the work-energy theorem with friction. Let the 
system include the earth, the roadway, and the car but not the car’s engine. 


(a) The required energy equals the AK =4mv* 
change in the kinetic energy of the 2 
k th 
car: =1(1200kg) 50——- 
h 3600s 


- [Ho] 


(b) The required energy equals the AE erm = [AS 
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work done against friction: 


Substitute numerical values and 1 (300 N\(300 m) = 


evaluate AE jherm: 


(c) Apply the work-energy theorem B= Wg AR PAB ac 
with friction to express the required = AK +0.75E 
energy: 


Divide both sides of the equation by 


=—+0.75 
E to express the ratio of the two 
energies: 
Substitute numerical values and BE’ _ 116k) +0.75=| 2.04 
evaluate E'/E: E 90kJ 
*85 eee 


Picture the Problem Assume that the bob 
is moving with speed v as it passes the top 
vertical point when looping around the peg. 
There are two forces acting on the bob: the 
tension in the string (if any) and the force 
of gravity, Mg; both point downward when 
the ball is in the topmost position. The 
minimum possible speed for the bob to 
pass the vertical occurs when the tension is 
0; from this, gravity must supply the 
centripetal force required to keep the ball 
moving in a circle. We can use 
conservation of energy to relate v to L and 
R. 


Express the condition that the bob Vv 
swings around the peg ina full M — > Mg 
circle: 7 
Simplify to obtain: v 
R 
Use conservation of energy to relate 1 Mv’ = Mg ( a0 R) 


the kinetic energy of the bob at the 
bottom of the loop to its potential 
energy at the top of its swing: 


Solve for v7: v= 29(L = 2R) 


Substitute to obtain: 2 g(L me 2R) 
> 
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Solve for R: 


86 
Picture the Problem If the wood exerts an average force F on the bullet, the work it does 
has magnitude FD. This must be equal to the change in the kinetic energy of the bullet, 
or because the final kinetic energy of the bullet is zero, to the negative of the initial 
kinetic energy. We’ll let m be the mass of the bullet and v its initial speed and apply the 
work-kinetic energy theorem to relate the penetration depth to v. 


Apply the work-kinetic energy Wooat = AK = K; - K, 
theorem to relate the penetration _ 
; as or, because K; = 0, 
depth to the change in the kinetic W..=-K 
energy of the bullet: total ~ Si 
Substitute for Wiotai and K; to obtain: FD= —1 mv? 
Solve for D to obtain: mv. 
D=-— 
2F 
For an identical bullet with twice Fp'=-—1 m(2v)" 
the speed we have: : 
Solve for D' to obtain: mv2 
p'=4|-—~|=4D 
2F 


and | (c) is correct. 


87 we 
Picture the Problem For part (a), we’ll let the system include the glider, track, weight, 
and the earth. The speeds of the glider and the falling weight will be the same while they 
are in motion. Let their common speed when they have moved a distance Y be v and let 
the zero of potential energy be at the elevation of the weight when it has fallen the 
distance Y. We can use conservation of energy to relate the speed of the glider (and the 
weight) to the distance the weight has fallen. In part (b), we’ll let the direction of motion 
be the x direction, the tension in the connecting string be T, and apply Newton’s 2™ law 
to the glider and the weight to find their common acceleration. Because this acceleration 
is constant, we can use a constant-acceleration equation to find their common speed when 
they have moved a distance Y. 


(a) Use conservation of energy to AK +AU =0 
relate the kinetic and potential or 


energies of the system: 


Because the system starts from rest 
and U;=0: 


Substitute to obtain: 


Kp=K. 40-0 =0 
K, -U, =0 


mv’ +4Mv’ —mgY =0 
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Solve for v: _ ore 
M+m 


(b) The free-body diagrams for the P i 
glider and the weight are shown to | 
the right: FE 
n 
, 
—--?> -x 
q 
mg 
mg | 
x 
Apply Newton’s 3™ law to obtain: a |_| 
pply Newton’s aw to obtain ir,|=|t,]=7 
Apply ae = ma to the glider: T = Ma 
Apply >, = ma to the weight: mg —I =ma 
Add these equations to eliminate T mg = Ma+ma 
and obtain: 
Solve for a to obtain: 
qa=g 
m+M 
Using a constant-acceleration v= ve 4+2aY 


equation, relate the speed of the 
glider to its initial speed and to the ; 
distance that the weight has fallen: vo = 2aY 


Substitute for a and solve for v to 9 
| 2mgY 
obtain: v=| ,/———_ |, the same result we 
M+m 


obtained in part (a). 


or, because Vo = 0, 


*B88 ee 
Picture the Problem We’re given P = dW / dt and are asked to evaluate it under the 
assumed conditions. 


Express the rate of energy P =3mv* = 3(10 kg\3 m/s) 
expenditure by the man: =270W 
Express the rate of energy P=+P' 


expenditure P’ assuming that his 
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muscles have an efficiency of 20%: 


Solve for and evaluate P’: P'=5P= 5(270 Ww) = 


89 ee 
Picture the Problem The pictorial 
representation shows the bob swinging 
through an angle @before the thread is cut 
and it is launched horizontally. Let its 
speed at position 1 be v. We can use 
conservation of energy to relate v to the 
change in the potential energy of the bob as 
it swings through the angle 6. We can find 
its flight time At from a constant- 
acceleration equation and then express D as 
the product of v and At. 


Relate the distance D traveled D=vAt (1) 
horizontally by the bob to its launch 
speed v and time of flight At: 


Use conservation of energy to relate K,-K,+U,-U, =0 
its launch speed v to the length of 


or, because U, = Ky = 0, 
the pendulum L and the angle @: 


K, -—U, =0 
Substitute to obtain: my? mgL(1 cos 6) =0 
Solving for v yields: v= [2gL( —cos 0) 
In the absence of air resistance, the Ay =V),At + 1 a, ( Aty 
horizontal and vertical motions of 
the bob are independent of each or, because Ay = —H, ay = —g, and voy = 0, 
other and we can use a constant- —-H=-+ (At) 
acceleration equation to express the 
time of flight (the time to fall a 
distance H): 
Solve for At to obtain: At =./2H/g 


Substitute in equation (1) and 


2H 
simplify to obtain: D = /2gL(1-cos6) a 
=| 2,/HL(1—cos@) 


which shows that, while D depends on @, it 
is independent of g. 
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90 ee 
Picture the Problem The pictorial representation depicts the block in its initial position 
against the compressed spring (1), as it separates from the spring with its maximum 
kinetic energy (2), and when it has come to rest after moving a distance x + d. Let the 
system consist of the earth, the block, and the surface on which the block slides. With this 
choice, Wex: = 0. We can use the work-energy theorem with friction to determine how far 
the block will slide before coming to rest. 


i =a a 


l 3 
x, =0 Xx, =x x3=x+d 
ry=0 v=? v3=0 
. a _ 1 2 
(a) The work done by the spring on Wooring = A ae =tkx 


the block is given by: 


Substitute numerical values and W.. = 4(20 N/em\(3 cm)’ —| 0.900J 
evaluate Wopring? 


(b) The energy dissipated by friction AE erm = [AS = £4,F,Ax = 4,.mgAx 
is given by: 

i 7 2 
Substitute numerical values and AE wherm = (0.25 kg)(9.81m/s \0.03 m) 
evaluate AE therm: = 0) DOAJ 
(c) Apply the conservation of Ky-K, +0, — U4 + Ab gag =0 
energy between points 1 and 2: 

Because K, = U,» = 0: K, ree a TE ai =O 
Substitute to obtain: Limvs —£kx? + AE yom = 0 
Solve for vy: kx? —2 AE vronm 
rn a 
Substitute numerical values and (20 N/em)(3 cm)" _ 2(0. 294 J) 
evaluate v2: Ye \ 5kg 


-[ as] 


(d) Apply the conservation of energy 
between points 1 and 3: 


Because AK = U,,3 = 0: 


Solve for d: 


Substitute numerical values and 
evaluate d: 


91 ee 
Picture the Problem The pictorial 
representation shows the block initially at 
rest at point 1, falling under the influence 
of gravity to point 2, partially compressing 
the spring as it continues to gain kinetic 
energy at point 3, and finally coming to 
rest at point 4 with the spring fully 
compressed. Let the system consist of the 
earth, the block, and the spring so that 

Wext = 0. Let U, = 0 at point 3 for part (a) 
and at point 4 for part (b). We can use the 
work-energy theorem to express the kinetic 
energy of the system as a function of the 
block’s position and then use this function 
to maximize K as well as determine the 
maximum compression of the spring and 
the location of the block when the system 
has half its maximum kinetic energy. 


(a) Apply conservation of 
mechanical energy to describe the 
energy transformations between 
state 1 and state 3: 


Because K; = Ug3 = Us; = 0: 
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AK +U 3 -U4 + AE asst = 0 
-U.4 NE ac = 0 
or 
—1Lkx? + ,.mg(x+d)=0 
2 
d= a2 x 
2u,mg 
2 
___ (20N/cm\(3cm) —-0.03m 
2(0.2)\5kg\9.81m/s? ) 
=| 6.17cm 
x,=0 
wl 
v,=0 
|| 
2 | X2=h 
3 | x3=ht+x 
4 | X4=h + Xmax 
V4 _ 0 
AK + AU, +AU, =0 
or 
K, —K,+U,,—U,,+U,, -U,, =0 


Ke =I 5 +U,, =0 
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Differentiate K with respect to x and 
set this derivative equal to zero to 
identify extreme values: 


Solve for x: 


Evaluate the second derivative of K 
with respect to x: 


Evaluate K for x = mg/k: 


(b) The spring will have its 
maximum compression at point 4 
where K = 0: 


Solve for x and keep the physically 
meaningful root: 


(c) Apply conservation of 
mechanical energy to the system as 


it evolves from state 1 to the state in 
. _ 1 Fi 
which K =—>K,,,,: 


Because K; = U,3 = Us; = 0: 


and 
K, = K = mg(h+x)—4kx? 


dK = mg — kx = 0 for extreme values. 
dx 
a9 
k 

2 
d = =-k<0 
dt 

mg 


=>xXx= pe maximizes K. 


2 
Kix = mgh+ ma( “2. -—5 (2) 


or 
ee amg X max ange =0 
k k 
mg  |m*g* 2mgh 
X max = 
k k* k 


AK +AU, + AU, =0 
or 


K= Ky +0 4-0, +0 4-0, 


gt $3 


K-U,,+U,; =0 
and 


K =mg(h+x)—4kx’? 
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ee 


Substitute for K to obtain: 
aiid - i{ mann 8 J-math--3)- 46° 


Express this equation in quadratic form: > 2mg mg 2 mgh 
al ae 


Solve for the positive value of x: 
X= 


ae 
mg +m g , Amgh 
k k* k 


92 eve 
Picture the Problem The free-body 
diagram shows the forces acting on the 
pendulum bob. The application of 
Newton’s 2™ law leads directly to the 
required expression for the tangential 
acceleration. Recall that, provided @is in 
radian measure, s = L@. Differentiation 
with respect to time produces the result 
called for in part (b). The remaining parts 
of the problem simply require following 


the directions for each part. 


(a) Apply >, F, = ma, to the bob: F.,, =—mg sin 6 = ma,,, 
Solve for dian: d.., = dv/ dt =—gsin@ 
(b) Relate the arc distance s to the s=L0 

length of the pendulum L and the 

angle @: 

Differentiate with respect to time: ds/dt =| v= Ld@/dt 


(c) Multiply ay by a0 aad dv_dvd@_dvdé 
dt ~ do dt dtd@ d@ dt 


substitute for from part (b): = “(2| 
dt dO\L 
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(d) Equate the expressions for dv/dt dv (+) =—gsin0 


from (a) and (c): do L 


Separate the variables to obtain: vdv =—gLsin0d0 


0 
v'dv' = [—gLsin0'do" 


equation in part (d) from v = 0 to the . 


(e) Integrate the left side of the { 
0 
final speed v and the right side from 


6 = &to 8 =0: 


Evaluate the limits of integration to ty? =gL (1 —cos8, ) 
obtain: 


Note, from the figure, that pel gh 
h=L(1 — cos). Substitute and 


solve for v: 


93 eee 
Picture the Problem The potential energy of the climber is the sum of his gravitational 
potential energy and the potential energy stored in the spring-like bungee cord. Let Obe 
the angle which the position of the rock climber on the cliff face makes with a vertical 
axis and choose the zero of gravitational potential energy to be at the bottom of the cliff. 
We can use the definitions of U, and Usp:ing to express the climber’s total potential 
energy. 


(a) Express the total potential U(s) = Uy moce cord + U 
energy of the climber: ‘ ° 


Substitute to obtain: U(s) (s = Ly + Mgy 


k 
k(s—L) +MgH cos 


NIP NR 


1k(s—L) +MgH cos (=) 


A spreadsheet solution is shown below. The constants used in the potential energy 
function and the formulas used to calculate the potential energy are as follows: 


Cell Content/Formula Algebraic Form 
B3 300 H 

B4 5 k 

B5 60 L 

B6 85 M 

B7 9.81 g 

Dil 60 Ss 

D12 D11+1 stl 
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Ell 0.5*$B$4*(D11-$B$5)\2 ; 5 
+$B$6*$B$7*$B$3*(cos(D11/$B$3))_ | +k(s—L) +MgH cos( =) 
Git E11-E61 U(60m)—U(110m) 
A B C D E 
1 
2 
3 H = | 300 m 
4 =15 N/m 
5 L= | 60 m 
6 m= | 85 kg 
7 g=|981 m/s\2 
8 
9 
10 s U(s) 
11 60 2.45E+05 
12 61 2.45E+05 
13 62 2.45E+05 
14 63 2.45E+05 
15 64 2.45E+05 
147 196 2.45E+05 
148 197 2.45E+05 
149 198 2.45E+05 
150 199 2.45E+05 
151 200 2.46E+05 


The following graph was plotted using the data from columns D (s) and E (U(s)). 


U (kJ) 
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*O4 ecco 

Picture the Problem The diagram shows the forces each of the springs exerts on the 
block. The change in the potential energy stored in the springs is due to the elongation of 
both springs when the block is displaced a distance x from its equilibrium position and 


we can find AU using $k(AL)’ . We can find the magnitude of the force pulling the block 


back toward its equilibrium position by finding the sum of the magnitudes of the y 
components of the forces exerted by the springs. In Part (d) we can use conservation of 
energy to find the speed of the block as it passes through its equilibrium position. 


} 
| 
| 
| 


(a) Express the change in the Ati= atk(aLy |= k(AL) 
potential energy stored in the 


springs when the block is displaced 
a distance x: 


where AL is the change in length of a 
spring. 


Referring to the force diagram, Aba Paseo 


express AL: 
Substitute to obtain: 2 
AU = KWEe +x? =i) 
(b) Sum the forces acting on the F storing = 2 COS @ = 2kKAL cos 0 
block to express Frestoring: 
0 
PP +x? 
Substitute for AL to obtain: =e 
Pci = ax L’ + x’ a : 


aT? 4 x? 


2{ 1] 
VP eae 


(c) A spreadsheet program to calculate U(x) is shown below. The constants used in the 
potential energy function and the formulas used to calculate the potential energy are as 
follows: 


Cell Content/Formula Algebraic Form 
Bl 1 LE 

B2 1 k 

B3 1 M 

C8 C7+0.01 x 

D7 $B$2*((C7A2+$B$142)\0.5-$B$1)A2 U(x) 
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A B C D 
m L=(|01 m 
D k=/1 N/m 
3 M=/1 kg 
4 
5 
6 x U(x) 
# 0 0 
8 0.01 2.49E—07 
9 0.02 3.92E—06 
10 0.03 1.94E-05 
11 0.04 5.93E-—05 
12 0.05 1.39E—04 
23 0.16 7.86E—03 
24 0.17 9.45E—03 
25 0.18 1.12E—02 
26 0.19 1.32E—02 
27 0.20 1.53E—02 


The following graph was plotted using the data from columns C (x) and D (U(x)). 


16 


U (mJ) 
oe) 


0.00 0.05 0.10 0.15 0.20 


(d) Use conservation of energy to 
relate the kinetic energy of the block 
as it passes through the equilibrium foeess 
position to the change in its 7 Mv" = AU 
potential energy as it returns to its 

equilibrium position: 


=AU 


equilibrium 


or 
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Solve for v to obtain: 


po 
M M 


Substitute numerical values and evaluate v: 


2(1N/m 
v=(,(0.1m) + (0.1m) -0.1m) aN) = [5.86mi | 


Chapter 8 
Systems of Particles and Conservation of 
Momentum 


Conceptual Problems 


1 ° 
Determine the Concept A doughnut. The definition of the center of mass of an object 
does not require that there be any matter at its location. Any hollow sphere (such as a 
basketball) or an empty container with any geometry are additional examples of three- 
dimensional objects that have no mass at their center of mass. 


*D o 
Determine the Concept The center of mass is midway between the two balls and is in 
free-fall along with them (all forces can be thought to be concentrated at the center of 
mass.) The center of mass will initially rise, then fall. 


Because the initial velocity of the center of mass is half of the initial velocity of the ball 
thrown upwards, the mass thrown upwards will rise for twice the time that the center of 
mass rises. Also, the center of mass will rise until the velocities of the two balls are equal 


but opposite. | (b) is correct. 


3 e 

Determine the Concept The acceleration of the center of mass of a system of particles is 

described by F.... x, = DF, ext = Ma 
i 


where M is the total mass of the system. 


cm? 


Express the acceleration of the Hoe F netext _ F 
M m, +m, 


center of mass of the two pucks: 


and | (b) is correct. 


4 e 
Determine the Concept The acceleration of the center of mass of a system of particles 
is described by Fo. ox; = DF, ext = Ma@,,,, where M is the total mass of the system. 
i 
Express the acceleration of the _ ane _ F 


cm 


center of mass of the two pucks: M m, +m, 


because the spring force is an internal 
force. 


(b) is correct. 
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*5 * 

Determine the Concept No. Consider a 1-kg block with a speed of 1 m/s and a 2- kg 
block with a speed of 0.707 m/s. The blocks have equal kinetic energies but momenta of 
magnitude 1 kg-m /s and 1.414 kg-m/s, respectively. 


6 e 

(a) True. The momentum of an object is the product of its mass and velocity. Therefore, 
if we are considering just the magnitudes of the momenta, the momentum of a heavy 
object is greater than that of a light object moving at the same speed. 


(b) True. Consider the collision of two objects of equal mass traveling in opposite 
directions with the same speed. Assume that they collide inelastically. The mechanical 
energy of the system is not conserved (it is transformed into other forms of energy), but 
the momentum of the system is the same after the collision as before the collision, i.e., 
zero. Therefore, for any inelastic collision, the momentum of a system may be conserved 
even when mechanical energy is not. 


(c) True. This is a restatement of the expression for the total momentum of a system of 
particles. 


7 e 
Determine the Concept To the extent that the system in which the rifle is being fired is 
an isolated system, i.e., the net external force is zero, momentum is conserved during its 


firing. 
Apply conservation of momentum Pyne + Prutiee = 9 
to the firing of the rifle: or 

Prine = — Pruner 
*8 e 


Determine the Concept When she jumps from a boat to a dock, she must, in order for 
momentum to be conserved, give the boat a recoil momentum, i.e., her forward 
momentum must be the same as the boat’s backward momentum. The energy she 
imparts to the boat is Ey... = Pron 7 ZT ais 


When she jumps from one dock to another, the mass of the dock plus the 


earth is so large that the energy she imparts to them is essentially zero. 


*9 oo 
Determine the Concept Conservation of momentum requires only that the net external 
force acting on the system be zero. It does not require the presence of a medium such as 


air. 
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10 ° 
Determine the Concept The kinetic energy of the sliding ball is + mv. . The kinetic 


energy of the rolling ball is + mv. + K,,,, where its kinetic energy relative to its center 


rel > 


of mass is K _,,. Because the bowling balls are identical and have the same velocity, the 


rel * 


rolling ball has more energy. 


11 

Determine the Concept Think of someone pushing a box across a floor. Her push on 
the box is equal but opposite to the push of the box on her, but the action and reaction 
forces act on different objects. You can only add forces when they act on the same 
object. 


12 ° 

Determine the Concept It’s not possible for both to remain at rest after the collision, as 
that wouldn't satisfy the requirement that momentum is conserved. It is possible for one 
to remain at rest: This is what happens for a one-dimensional collision of two identical 
particles colliding elastically. 


13. 

Determine the Concept It violates the conservation of momentum! To move forward 
requires pushing something backwards, which Superman doesn’t appear to be doing 
when flying around. In a similar manner, if Superman picks up a train and throws it at 
Lex Luthor, he (Superman) ought to be tossed backwards at a pretty high speed to satisfy 
the conservation of momentum. 


*14 oe 
Determine the Concept There is only one force which can cause the car to move 
forward-the friction of the road! The car’s engine causes the tires to rotate, but if the 
road were frictionless (as is closely approximated by icy conditions) the wheels would 
simply spin without the car moving anywhere. Because of friction, the car’s tire pushes 
backwards against the road—from Newton’s third law, the frictional force acting on the 
tire must then push it forward. This may seem odd, as we tend to think of friction as 
being a retarding force only, but true. 


15 
Determine the Concept The friction of the tire against the road causes the car to slow 
down. This is rather subtle, as the tire is in contact with the ground without slipping at all 
times, and so as you push on the brakes harder, the force of static friction of the road 
against the tires must increase. Also, of course, the brakes heat up, and not the tires. 


16 
Determine the Concept Because Ap = FAt is constant, a safety net reduces the force 
acting on the performer by increasing the time At during which the slowing force acts. 


17 
Determine the Concept Assume that the ball travels at 80 mi/h ~ 36 m/s. The ball stops 
in a distance of about 1 cm. So the distance traveled is about 2 cm at an average speed of 
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2 
about 18 m/s. The collision time is vom =~ ims 
18 m/s 


18 
Determine the Concept The average force on the glass is less when falling on a carpet 
because At is longer. 


19 ° 
(a) False. In a perfectly inelastic collision, the colliding bodies stick together but may or 
may not continue moving, depending on the momentum each brings to the collision. 


(b) True. In a head-on elastic collision both kinetic energy and momentum are 
conserved and the relative speeds of approach and recession are equal. 


(c) True. This is the definition of an elastic collision. 


*20 ee 
Determine the Concept All the initial kinetic energy of the isolated system is lost in a 
perfectly inelastic collision in which the velocity of the center of mass is zero. 


21 oe 

Determine the Concept We can find the loss of kinetic energy in these two collisions 
by finding the initial and final kinetic energies. We’ll use conservation of momentum to 
find the final velocities of the two masses in each perfectly elastic collision. 


(a) Letting V represent the velocity Doefore = Patter 
of the masses after their perfectly or 
inelastic collision, use conservation mv—mv=2mV >V =0 


of momentum to determine V: 


Express the loss of kinetic energy ‘ 
for the case in which the two objects se 


have oppositely directed velocities 


of magnitude v/2: 22 
4 
Letting V represent the velocity of Doefore = Patter 
the masses after their perfectly or 
inelastic collision, use conservation mv=2mV >V= ty 


of momentum to determine V: 
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Express the loss of kinetic energy AK = K, -K, 
for the case in which the one object 2 2 
oat =f) 2) ty 
is initially at rest and the other has 2 D 2 4 
an initial velocity v: 
The loss of kinetic energy 
is the same in both cases. 
(b) Express the percentage loss for AK 4 mv 
; = =100% 
the case in which the two objects ~ 1 mv2 
have oppositely directed velocities 
of magnitude v/2: 
Express the percentage loss for the AK mv 50% 
case in which the one object is K ver 7 1 mv: : 


initially at rest and the other has an 
initial velocity v: 


The percentage loss is greatest for 
the case in which the two objects 


have oppositely directed velocities 


of magnitude v/2. 


*22 00 
Determine the Concept A will travel farther. Both peas are acted on by the same force, 
but pea A is acted on by that force for a longer time. By the impulse-momentum 
theorem, its momentum (and, hence, speed) will be higher than pea B’s speed on leaving 
the shooter. 


23. 
Determine the Concept Refer to the particles as particle 1 and particle 2. Let the 
direction particle 1 is moving before the collision be the positive x direction. We’ ll use 
both conservation of momentum and conservation of mechanical energy to obtain an 
expression for the velocity of particle 2 after the collision. Finally, we’ll examine the 
ratio of the final kinetic energy of particle 2 to that of particle 1 to determine the 
condition under which there is maximum energy transfer from particle 1 to particle 2. 


Use conservation of momentum to MV, , =M,V,—¢ +MVz - (1) 
obtain one relation for the final 

velocities: 

Use conservation of mechanical Voe ~Vig = (v,, —Vii ) =v, (2) 


energy to set the velocity of 
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recession equal to the negative of 
the velocity of approach: 


To eliminate vj, solve equation (2) Vie =Vor + Vii 
for v,,, and substitute the result in mv, ; = m,(v, ; = Vii )+ MV, 4 
equation (1): 
Solve for v2: _ 2m, 
Vor Vii 
m, +m, 
% _ 2 
Express the ratio R of Ks to K,; in 2m, : 
1 
+m Ve. 
terms of m, and mo: zitto Li 
: 2 K,; m,+m, 
R — = 1 5 
K, i my MVij 
m, 4m 
eer’ 1 
2 
My (m, ig m,) 


Differentiate this ratio with respect 


a —-—++1=0 
to mo, set the derivative equal to m; 
zero, and obtain the quadratic 
equation: 
Solve this equation for m, to m, =m, 


determine its value for maximum 
energy transfer: 


(b) is correct because all of 1's kinetic energy is transferred to 2 


when m, = m,. 


24° 
Determine the Concept In the center-of-mass reference frame the two objects approach 
with equal but opposite momenta and remain at rest after the collision. 


25 

Determine the Concept The water is changing direction when it rounds the corner in the 
nozzle. Therefore, the nozzle must exert a force on the stream of water to change its 
direction, and, from Newton’s 3" law, the water exerts an equal but opposite force on the 
nozzle. 


26° 
Determine the Concept The collision usually takes place in such a short period of time 
that the impulse delivered by gravity or friction is negligible. 
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27 


Determine the Concept No. F = dp/dt defines the relationship between the net 


ext,net 


force acting on a system and the rate at which its momentum changes. The net external 
force acting on the pendulum bob is the sum of the force of gravity and the tension in 
the string and these forces do not add to zero. 


*28 ee 
Determine the Concept We can apply conservation of momentum and Newton’s laws of 
motion to the analysis of these questions. 


(a) Yes, the car should slow down. An easy way of seeing this is to imagine a "packet" 
of grain being dumped into the car all at once: This is a completely inelastic collision, 
with the packet having an initial horizontal velocity of 0. After the collision, it is moving 
with the same horizontal velocity that the car does, so the car must slow down. 


(b) When the packet of grain lands in the car, it initially has a horizontal velocity of 0, so 
it must be accelerated to come to the same speed as the car of the train. Therefore, the 
train must exert a force on it to accelerate it. By Newton’s 3" law, the grain exerts an 
equal but opposite force on the car, slowing it down. In general, this is a frictional force 
which causes the grain to come to the same speed as the car. 


(c) No it doesn’t speed up. Imagine a packet of grain being "dumped" out of the railroad 
car. This can be treated as a collision, too. It has the same horizontal speed as the 
railroad car when it leaks out, so the train car doesn’t have to speed up or slow down to 
conserve Momentum. 


*29 ee 

Determine the Concept Think of the stream of air molecules hitting the sail. Imagine 
that they bounce off the sail elastically—their net change in momentum is then roughly 
twice the change in momentum that they experienced going through the fan. Another 
way of looking at it: Initially, the air is at rest, but after passing through the fan and 
bouncing off the sail, it is moving backward—therefore, the boat must exert a net force on 
the air pushing it backward, and there must be a force on the boat pushing it forward. 


Estimation and Approximation 


30. ee 
Picture the Problem We can estimate the time of collision from the average speed of the 
car and the distance traveled by the center of the car during the collision. We’ll assume a 
car length of 6 m. We can calculate the average force exerted by the wall on the car from 
the car’s change in momentum and it’s stopping time. 


(a) Relate the stopping time to the Age C cette _ 1a Lew) Z Ft Les 
assumption that the center of the car Vv Vv v 


av av av 


travels halfway to the wall with 
constant deceleration: 
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Express and evaluate vay: a nase 
av 2 
0 +90 km y th : 1000m 
_ h 3600s km 
2 
=12.5m/s 
Substitute for Vay : “(6m 
ubstitute for vay and evaluate At _ ( ) 10.1205 
12.5m/s 


(b) Relate the average force exerted by the wall on the car to the car’s change in 


momentum: 


200048) 90 km 1h 1000m 


x x 

Ap h 3600s km 

F.= = =| 417kN 
ay 0.1205 


31 oe 
Picture the Problem Let the direction the railcar is moving be the positive x direction 


and the system include the earth, the pumpers, and the railcar. We’ll also denote the 
railcar with the letter c and the pumpers with the letter p. We’ ll use conservation of 
momentum to relate the center of mass frame velocities of the car and the pumpers and 
then transform to the earth frame of reference to find the time of fall of the car. 


(a) Relate the time of fall of the Ai Ay 
railcar to the distance it falls and its Vv. 
velocity as it leaves the bank: 


Use conservation of momentum to P; = P; 

find the speed of the car relative to or 

the velocity of its center of mass: mu, +m,u, =0 
Relate u, to up and solve for uc: u, —u, = 4m/s 


“.U, =u, —4m/s 


Substitute for u, to obtain: mu, +m, (u, a 4m/s) =0 
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Solve for and evaluate uc: u= 4m/s = 4mis =1.85m/s 
. m 350 kg 
14-8 14728 
m, 4(75kg) 


Relate the speed of the car to its 
speed relative to the center of mass 
of the system: 


Substitute and evaluate At: 


(b) Find the speed with which the 
pumpers hit the ground: 


Vv. =U. t+ Van 


_195 439 km, 1h , 1000 m 
S h 3600s km 
=10.74m/s 


_ 25m _ 
= 10.74m/s — 


Vv, =V.—Uu, =10.74m/s — 4m/s 


- [7am] 


Hitting the ground at this speed, they 
may be injured. 
#32 ee 


Picture the Problem The diagram depicts the bullet just before its collision with the 
melon and the motion of the melon-and-bullet-less-jet and the jet just after the collision. 
We’ll assume that the bullet stays in the watermelon after the collision and use 
conservation of momentum to relate the mass of the bullet and its initial velocity to the 
momenta of the melon jet and the melon less the plug after the collision. 


After the Collision 


m = 
Oz co" @® 
= —> x 
Vij 03 


mV = (m, —m, +m, Woe +4 2m3K, 


Before the Collision 


Apply conservation of momentum 
to the collision to obtain: 


Solve for v2: 
mv 


Express the kinetic energy of the jet 
of melon in terms of the initial 
kinetic energy of the bullet: 
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Substitute and simplify to obtain: ony. (4 m,v2 


mV, 3 \20 


i 


m, —m,; +m, 


_ Mii (m, — [0-imm, ) 


m, —m,+™M, 


Vop = 


Substitute numerical values and evaluate v2,: 


a ft 1m (0.0104 kg —./0.1(0.0104kg)(0.14 kg)) = Sysco 


1800 — x 
s 3.281 ft 2.50 kg —0.14kg + 0.0104kg 


- [a7 


Note that this result is in reasonably good agreement with experimental results. 
Finding the Center of Mass 


33. 
Picture the Problem We can use its definition to find the center of mass of this system. 


Apply its definition to find xqn: 


_ MX, + MX, +M3X; (2 kg)(0)+ (2 kg)(0.2 m)+ (2 kg)(0.5m) 


=. 0.233 
m, +m, +m, 2kg+2kg+2kg 
Because the point masses all lie Yon = 0 and the center of mass of this 
along the x axis: system of particles is at (0.233 m, 0) . 
#34 ° 


Picture the Problem Let the left end of the handle be the origin of our coordinate 
system. We can disassemble the club-ax, find the center of mass of each piece, and then 
use these coordinates and the masses of the handle and stone to find the center of mass of 


the club-ax. 
Express the center of mass of the Mick Xcm,stick + MetoneXcm,stone 
X — 
. cm 
handle plus stone system: Mie Magen 
Assume that the stone is drilled and Xem,stice = 49.0cm 


the stick passes through it. Use 
symmetry considerations to locate 
the center of mass of the stick: 
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Use symmetry considerations to Mie = Oo. UCI 
locate the center of mass of the 
stone: 
Substitute numerical values and oe (2.5kg)(45cm)+(8kg)(89cm) 
evaluate Xen! a 2.5kg+8kg 
=| 78.5cm 
350° 


Picture the Problem We can treat each of balls as though they are point objects and 
apply the definition of the center of mass to find (Xan, Vem). 


Use the definition of Xem: a aa aa eke 
' m,+m, +m, 
(3kg)(2m)+ (1kg)(1m) + (1kg)(3m) 
3kg +1kg +1kg 


= 2.00m 


Use the definition of Yon: 


_ MaYa t MpYz t+ MeYc 


ae m, +m, +m. 
_ (8kg)(2m)+ (1kg)(1m)+ (1kg)(0) 
3kg+1kg+1kg 

=1.40m 
The center of mass of this system (2.00 m, 1.40 m) 
of particles is at: 
36° 
Picture the Problem The figure shows an ly 


equilateral triangle with its y-axis vertex 
above the x axis. The bisectors of the 
vertex angles are also shown. We can find 
x coordinate of the center-of-mass by 
inspection and the y coordinate using 
trigonometry. 


From symmetry considerations: Xan = 9 
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Express the trigonometric 
relationship between a/2, 30°, and 


Yem: 


Solve for Vem! 


#37 0 


tan 30° = 7 
a/2 


Yom = 3 4 tan 30° = 0.289a 


The center of mass of an equilateral 
triangle oriented as shown above is 


at} (0,0.289a) |. 


Picture the Problem Let the subscript 1 refer to the 3-m by 3-m sheet of plywood before 


the 2-m by 1-m piece has been cut from it. Let the subscript 2 refer to 2-m by 1-m piece 


that has been removed and let obe the area density of the sheet. We can find the center- 


of-mass of these two regions; treating the missing region as though it had negative mass, 


and then finding the center-of-mass of the U-shaped region by applying its definition. 


Express the coordinates of the 
center of mass of the sheet of 


plywood: 


Use symmetry to find Xan, Yom; 


Xcm,2» and Yem,2: 


Determine m, and m2: 


Substitute numerical values and 
evaluate Xon: 


Substitute numerical values and 
evaluate Yon: 


The center of mass of the U-shaped sheet of plywood is at (1.50 m,1.36 m) ; 


_ MX oni - M,Xon 9 
Xon - 
m,—™M, 
me, M Yomi a M,Von,2 
Yom ~ 
m,—™M, 


Xen = 15M, You, =1.5m 
and 


Xen = 15M, Von = 2.0m 


m, = 0A, =9o kg 
and 
m, = 0A, = 20 kg 


(9c kg)(1.5m)—(20 kg)(1.5kg) 
90 kg —- 20 kg 


cm 


=1.50m 


(90 kg)(1.5m)—(20kg)(2m) 
90 kg — 20 kg 
=1.36m 


cm 


Systems of Particles and Conservation of Momentum 529 


38 ee 
Picture the Problem We can use its definition to find the center of mass of the can plus 
water. By setting the derivative of this function equal to zero, we can find the value of x 
that corresponds to the minimum height of the center of mass of the water as it drains out 
and then use this extreme value to express the minimum height of the center of mass. 


(a) Using its definition, express the H x 
location of the center of mass of the M| —~ |+m| — 
can + water: Xon = 
M+m 
Let the cross-sectional area of the M m 
cup be A and use the definition of p= AH Ax 
density to relate the mass m of water 
remaining in the can at any given 
time to its depth x: 
Solve for m to obtain: 
m=—M 
Substitute to obtain: H 
mM|—|+| 2m |2 
2 H 2 
Xon = x 
M+—M 
H 
x 2 
Ll 
ofc 
2 Le 


(b) Differentiate x,,, with respect to x and set the derivative equal to zero for extrema: 


2 x)d x x . d x 
4s desis |= 14+ 14+ 
dx... _ H d H _ H H dx H H dx H 


2 

dx 2 dx fe 2 ‘) 
H 1+— 
H 


(2212) (GG) [a 


=0 
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Solve for x/H to obtain: 


x = H(V2-1)~ 0.414 

where we’ve kept the positive solution 
because a negative value for x/H would 
make no sense. 


Use your graphing calculator to convince yourself that the graph of Xqm as a function of x 
is concave upward at x ~ 0.414H and that, therefore, the minimum value of X¢m occurs 


atx ~ 0.414H. 


Evaluate x,, at X = H (/2 =i to obtain: 


Finding the Center of Mass by Integration 


*3Q oe 
Picture the Problem A semicircular disk 
and a surface element of area dA is shown 
in the diagram. Because the disk is a 
continuous object, we’ll use 

Mr.,, = | rdm and symmetry to find its 


center of mass. 


Express the coordinates of the center 
of mass of the semicircular disk: 


Express y as a function of r and @: 
Express dA in terms of r and 0: 


Express M as a function of r and @: 


Xun = 0 by symmetry. 


[yoda 
Yom 
y=rsin0 
dA=rd@dr 


= at 2 
M = Avaraisk = 7 OAR 
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Substitute and evaluate Yon: ifr sin 0 dO dr 
o 
00 om 2 
Vea = } r°dr 
M Ms 
2 
2 2S ee | 3 R 

3M 30 


40 eco 
Picture the Problem Because a solid hemisphere is a continuous object, we’ll use 


Mr.,, = } rdm to find its center of mass. The volume element for a sphere is 


dV =r sinOd@d¢dr, where Gis the polar angle and ¢ the azimuthal angle. 


Let the base of the hemisphere be z=rcos@ 
the xy plane and p_be the mass 
density. Then: 


Express the z coordinate of the | rpdV 
center of mass: cm 


Evaluate M =| pdV: M =| pdV =} pv, 


sphere 


= £p($a R*)= 3 7pR? 


Ra/222a 
ae |reav: [redv =| } [r°sin 0 cos Adéd gar 
0 0 0 
77pR* 12 7G9R* 
se. 2 aT 
= 2 [ssin al; a, 
Substitute and simplify to find Zon: _ 1 77pR* Se 
Zon = OS gR 
3 TP. 


41 ec0e 
Picture the Problem Because a thin hemisphere shell is a continuous object, we’ ll use 
Mr.,, = | rdm to find its center of mass. The element of area on the shell is dA = 27R? 


sin@ d@, where R is the radius of the hemisphere. 


Let o be the surface mass density | zo dA 
and express the z coordinate of the Zon = 

P a | odA 
center of mass: 
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Evaluate M = | o dA: 


Evaluate | zo dA: 


Substitute and simplify to find Zon: 


42 eee 
Picture the Problem The parabolic sheet 
is shown to the right. Because the area of 
the sheet is distributed symmetrically with 
respect to the y axis, Xan = 0. We’ll 
integrate the element of area dA (= xdy) to 
obtain the total area of the sheet and yxdy 
to obtain the numerator of the definition of 
the center of mass. 


EXpress Yom! 


b 
Evaluate | xydy: 


0 


b 
Evaluate | xdy : 
0 


= _1 
M= Jo dA= 2 OA sherical shell 


Il 
NR 


m/2 


o(47 R?) = 20? 


[zodA= 2R°o [ sin 0cos0 do 
0 


ml2 


= 1R°o [sin 20 d0 
0 


=7R°o 
mR°o 
cm 2r0R? = 


LLLLLL ALLL LLL 


| (0,b) 


dA 
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Substitute and simplify to determine ycn: 2 pe? 
_5Va___ sy 
Yon = a an 35 
b?? 
3Va 
Note that, by symmetry: Xom = 0 
The center of mass of the parabolic (0, 2b) 
sheet is at: 


Motion of the Center of Mass 


43 
Picture the Problem The velocity of the center of mass of a system of particles is related 
to the total momentum of the system through P = >; mv, = Mv. - 


Use the expression for the total y mY, 
momentum of a system to relate the Vo = 


velocity of the center of mass of the 
two-particle system to the momenta 
of the individual particles: 


Substitute numerical values and is (3 kg)(v, + v,) ‘ 
evaluate V,,,: a 6kg ° 


~ 
° 


=| (3m/s)i -(1.5m/s)j 


*44 

Picture the Problem Choose a coordinate system in which east is the positive x 

direction and use the relationship P = > m,V; = Mv.,, to determine the velocity of the 
i 


center of mass of the system. 


Use the expression for the total > mV, 
momentum of a system to relate the v= 


velocity of the center of mass of the 
two-vehicle system to the momenta 
of the individual vehicles: 


Express the velocity of the truck: Vv. = (16 m/s)i 
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Express the velocity of the car: v= (- 20 m/s)i 


Substitute numerical values and evaluate v..: 


(4.00 m/s) i 


en 3000 kg + 1500 kg 
45° 
Picture the Problem The acceleration of the center of mass of the ball is related to the 
net external force through Newton’s 2™ law: F nevext = Ma,,, . 
Use Newton’s 2™ law to express the = F cent 
acceleration of the ball: Fem = M 
Substitute numerical values and - 12N)i z 
ee en ae (2.4m/s’)i 
evaluate don : 3kg +1kg +1kg 
46 


Picture the Problem Choose a coordinate system in which upward is the positive y 


direction. We can use Newton’s 2™ law F = Mg@.,, to find the acceleration of the 


net,ext 


center of mass of this two-body system. 


Yes; initially the scale reads (M + m)g; while m is in free fall, the 


(a) be ye 

reading is Mg. 
(b) Using Newton’s 2™ law, express i= F oe 
the acceleration of the center of mass ™ sm 


tot 
of the system: 


Substitute to obtain: = mg 3 
dG... =| — j 
a M+m 


(c) Use Newton’s 2™ law to express Fretext = (M + m)g —(M +m)a,,, 
the net force acting on the scale while 


the object of mass m is falling: 


Substitute and simplify to obtain: 


mg 
FP eext = (M —(M 
were = (M +m)g ~( +m (57s) 


- [Ma 
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*47 + 

Picture the Problem The free-body 
diagram shows the forces acting on the 
platform when the spring is partially 
compressed. The scale reading is the force 
the scale exerts on the platform and is 
represented on the FBD by F,,. We can use 
Newton’s 2™ law to determine the scale 
reading in part (a) and the work-energy 
theorem in conjunction with Newton’s 2™ 
law in parts (b) and (c). 


(a) Apply 2 F,, =ma, to the 
spring when it is compressed a 
distance d: 


Solve for Fy: 


(b) Use conservation of mechanical 
energy, with U, = 0 at the position at 
which the spring is fully 
compressed, to relate the 
gravitational potential energy of the 
system to the energy stored in the 
fully compressed spring: 


Solve for d: 


Evaluate our force equation in (a) 


2 
with d = eal ; 


as expected, given our answer to 
part (a). 


SF, =F, —™M,g =P psiiaupieg =o 


Fi= mg ee, 


all on spring 


=m,g+kd =m,g v4{ 8. 


=[m,g+m,g =(m, +m,)g | 


AK + AU, + AU, =0 
Because AK = Ug ¢ = Us; = 0, 
U,,—U,, =0 

or 


m,gd —4+kd* =0 


Fie 2m,9 
k 
F. = mg oe Fan on spring 


=m,g+kd =m,g vi{ 2) 


=| mg +2m,g = (m, +2m, )g 
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(c) When the ball is in its original 
position, the spring is relaxed and 
exerts no force on the ball. 
Therefore: 


*4B + 


F, =scale reading 


Picture the Problem Assume that the object whose mass is m, is moving downward 


and take that direction to be the positive direction. We’ll use Newton’s 2™ law for a 


system of particles to relate the acceleration of the center of mass to the acceleration of 


the individual particles. 
(a) Relate the acceleration of the 
center of mass to m, m2, m, and 


their accelerations: 


Because m, and m, have a common 
acceleration a and a, = 0: 


From Problem 4-81 we have: 


Substitute to obtain: 


(b) Use Newton’s 2” law for a 


system of particles to obtain: 


Solve for F and substitute for agy 
from part (a): 


(c) From Problem 4-81: 


m,-m 
a= 1 2 
m, +m, 
a m, my, m, mM, 
™  \(m,+m, m,+m,+m, 
2 
7 (m, 7 m,) 
(im, +m, )(m, +m, +m.) 
F — Mg =—Ma,,, 
where M = m, + m. + m,and F is positive 
upwards. 
F = Mg —- Ma,,, 
(m, — mM, y 


m,+m, 
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Substitute in our result from part (b) t 2m,m, 
; F =| 2——~+m™m, |g 
to obtain: m, +m, 


49 

Picture the Problem The free-body 
diagram shows the forces acting on the 
platform when the spring is partially F, 
compressed. The scale reading is the force 
the scale exerts on the platform and is 
represented on the FBD by F,. We can 
use Newton’s 2" law to determine the 
scale reading in part (a) and the result of yrs 
Problem 7-96 part (b) to obtain the scale 


reading when the ball is dropped from a LF onmeng 

height h above the cup. 

(a) Apply > Ey = ma, to the spring SE, =F,- mig - Pain ae 0 
when it is compressed a distance d: 

Solve for F,: FE — mg a Fyau on spring 


mg 
=m,g +kd =m,9-+H{ : 


=| m,g+m,g =(m, +m,)g 


(b) From Problem 7-96, part (b): mg 2kh 
Xnax = ——| 1+ , 1+ — 
k m,9 


From part (a): Fi, = mg 3 Fyau on spring = m,g + 2 ae 


mg +m,g| 1+ io 
M9 


The Conservation of Momentum 
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Picture the Problem Let the system include the woman, the canoe, and the earth. Then 
the net external force is zero and linear momentum is conserved as she jumps off the 
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canoe. Let the direction she jumps be the positive x direction. 


Apply conservation of momentum to >» MY, =MgV oir + MeanceV cance = 9 
the system: 

Substitute to obtain: (55kg\2.5m/s)i + (75kg)Werroe = 0 
Solve for Veanoe: Veane =| (-1.83m/s) i | 

oe 


Picture the Problem If we include the earth in our system, then the net external force is 
zero and linear momentum is conserved as the spring delivers its energy to the two 
objects. 


Apply conservation of momentum > mV, =M.V, + M,)V,. = 0 
to the system: 


Substitute numerical values to obtain: (5 kg\- 8m/s)i 2 (10 kg )¥, =0 


Solve for V,, : Vio =| (4 m/s)i 
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Picture the Problem This is an explosion-like event in which linear momentum is 
conserved. Thus we can equate the initial and final momenta in the x direction and the 
initial and final momenta in the y direction. Choose a coordinate system in the positive x 
direction is to the right and the positive y direction is upward. 


Equate the momenta in the y » Pyi = > Py: = Mv, —2mv, 
direction before and after the = m(2v, )— 2mv, =0 
explosion: 


We can conclude that the momentum was 
entirely in the x direction before the 
particle exploded. 


Equate the momenta in the x by Pxi = »? Px 


direction before and after the - Amv. = mv 
a i 3 


explosion: 


Solve for v3: v, =4v, and | (c) is correct. 
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Picture the Problem Choose the direction the shell is moving just before the explosion 
to be the positive x direction and apply conservation of momentum. 


Use conservation of momentum to P, - P; 
relate the masses of the fragments to or 
. 5% " . 2 il . 1 ed | 
their velocities: mvi =4+mvj+4+mv 
Solve for v': vi=| Qi -yj 
*54 ee 
Picture the Problem Let the system include the earth and the platform, gun and block. 
Then F netext — 9 and momentum is conserved within the system. 
(a) Apply conservation of Pretore = Patter 
momentum to the system just before or 
and just after the bullet leaves the ee a 
J 0 = Pp bullet F Pp platform 
gun: 
Substitute for Pyuner ANd Ppratform and O=m,Vv,I + M, Vsti 
solve for Vision: and 
V platform = 
(b) Apply conservation of Prhefore = Patter 
momentum to the system just before or 
the bullet leaves the gun and just 0= Posten puto = 0 
after it comes to rest in the block: 
(c) Express the distance As traveled AS = VyjatformAt 
by the platform: 
Express the velocity of the bullet _ _ m, 
Viel = Vp — V platform =V, F —__Vp 

relative to the platform: 

m m +m 

=|1$— 2 jy =P ey, 

my Mm, 

Relate the time of flight At to L and Me= A 


Vrel: 
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Substitute to find the distance As m L 
bo NS =V jadiait =| —"V,. | 
moved by the platform in time At: platform m Vie 
p re 
_| Ms t 
m, ° || m,+m, 
Vp 
it, 
= m, 
m, +m, 
55 ee 


Picture the Problem The pictorial representation shows the wedge and small object, 
initially at rest, to the left, and, to the right, both in motion as the small object leaves the 
wedge. Choose the direction the small object is moving when it leaves the wedge be the 
positive x direction and the zero of potential energy to be at the surface of the table. Let 
the speed of the small object be v and that of the wedge V. We can use conservation of 
momentum to express v in terms of V and conservation of energy to express v in terms of 
h. 


2m 


Apply conservation of momentum to Pi. = Pex 
the small object and the wedge: or 


O= mvi + 2mV 


Solve for V : V= —1yi (1) 
and 
V=iv 

Use conservation of energy to AK + AU =0 

determine the speed of the small or 

object when it exits the wedge: K, -K,+U, -U, =0 


Because U; = Kj = 0: 4mv? +4(2m)V* —mgh =0 
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Substitute for V to obtain: Lmyv* +4 (2m)(2 v) mgh =0 
Solve for v to obtain: 
v=2 gh 
Substitute in equation (1) to _ A x 
Sete ¥=-3[2 [9 |7=|- |S? 
etermine V: 2 3 3 


i.e., the wedge moves in the direction 
opposite to that of the small object with a 


[gh 
speed of ,/—. 
3 
*56 oe 


Picture the Problem Because no external forces act on either cart, the center of mass of 
the two-cart system can’t move. We can use the data concerning the masses and 
separation of the gliders initially to calculate its location and then apply the definition of 
the center of mass a second time to relate the positions X,; and X, of the centers of the 
carts when they first touch. We can also use the separation of the centers of the gliders 
when they touch to obtain a second equation in X; and X, that we can solve 
simultaneously with the equation obtained from the location of the center of mass. 


(a) Apply its definition to find the m,X, +M,X, 
center of mass of the 2-glider system: om 
aca | m, +m, 
_ (0.1kg)(0.1m)+ (0.2kg)(1.6m) 
0.1kg+0.2kg 
=1.10m 


from the left end of the air track. 


Use the definition of the center of m,X,+m,X, 
mass to relate the coordinates of the 1.10m= 
m,+m 

centers of the two gliders when they ae 

first touch to the location of the _ (0.1kg)X, +(0.2kg)X, 

center of mass: 7 0.1kg+0.2kg 
=3%,+3%, 

Also, when they first touch, their X,-X,=4+(10cm+ 20cm) =0.15m 


centers are separated by half their 
combined lengths: 


Thus we have: 0.333X, +0.667X, =1.10m 
and 
X,-X,=0.15m 
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Solve these equations simultaneously 
to obtain: 


(b) 


X, = |1.00m | and X, =| 1.15m 


1 


No. The initial momentum of the 


system is zero, so it must be zero 


after the collision. 


Kinetic Energy of a System of Particles 


*57 ° 


Picture the Problem Choose a coordinate system in which the positive x direction is to 
the right. Use the expression for the total momentum of a system to find the velocity of 
the center of mass and the definition of relative velocity to express the sum of the kinetic 


energies relative to the center of mass. 


(a) Find the sum of the kinetic energies: 


(b) Relate the velocity of the center 
of mass of the system to its total 
momentum: 


Solve for V., : 


Substitute numerical values and 
evaluate V., : 


(c) The velocity of an object relative 
to the center of mass is given by: 


K=K,+K, 
=1imy; +4m,v3 
= 1(3kg)(5m/s)’ +4(3kg)(2m/s)’ 
=| 43.5) 


Mv, =M,V, +m,v, 


F (3kg)(5m/s)i —(3kg)(2m/s)i 


a 3kg +3kg 


=| (1.50m/s)i 
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Substitute numerical values to = (5 m/s)i — (1.5 m/s)i 


Vi rel 
obtain: z 
=| (3.50m/s)i 
¥» 1 =(—2m/s)i —(1.5m/s)i 
=| (-3.50m/s)i 
(d) Express the sum of the kinetic Kya = Ky + Ko. = 3M Vi. atsm BV5. a 
energies relative to the center of 
mass: 
Substitute numerical values and Ko = 1(3 kg)(3.5 m/s) 
evaluate Kye: + 1(3kg)(- 3.5m/s)" 
=| 36.75J 
(e) Find Kem: Kom =FMyVo, = 4(6kg)(1.5m/s)" 
=6.75J 
= 43.5J —36.75J 


K=K,, 
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Picture the Problem Choose a coordinate system in which the positive x direction is to 
the right. Use the expression for the total momentum of a system to find the velocity of the 
center of mass and the definition of relative velocity to express the sum of the kinetic 
energies relative to the center of mass. 


(a) Express the sum of the kinetic energies: K = K,+K,=4m,v,; +4m,v; 


Substitute numerical values and K= 13 kg)(5 m/s)’ +165 kg)(3 m/s)’ 
evaluate K: 60.05 | 
=| 60.0J 
(b) Relate the velocity of the center of Mv, = MV, +m,V, 
mass of the system to its total 
momentum: 
Solve for V,,,: _ _ mv, +m,V, 
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Substitute numerical values and 
evaluate V,,,: 


(c) The velocity of an object relative 
to the center of mass is given by: 


Substitute numerical values and 
evaluate the relative velocities: 


(d) Express the sum of the kinetic 
energies relative to the center of 
mass: 


Substitute numerical values and 
evaluate Kye: 


(e) Find Ken: 


= 3kg+5kg 
=| (3.75m/s)i 


F (3kg)(5m/s)i +(5kg)(3m/s)i 


Viel = v ~ Von 

Vi. =(5m/s)i —(3.75m/s)i 
=| (1.25m/s)i 

and 


¥> ,« = (3m/s)i —(3.75m/s)i 


2,rel 


=| (—0.750m/s)i 


Ks = ore + K 


2,rel 


—1 2 1 2 
— 2 MV) rel + 2 MyV> rel 


K,. =4(8kg)(1.25m/s) 
+4(5kg)(—0.75m/s)’ 
3.75) 


Impulse and Average Force 
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Picture the Problem The impulse imparted to the ball by the kicker equals the change in 
the ball’s momentum. The impulse is also the product of the average force exerted on the 
ball by the kicker and the time during which the average force acts. 
T= Ap= p; ~ P 

= mv, since v, =0 


(a) Relate the impulse delivered to 
the ball to its change in momentum: 


Substitute numerical values and 


I = (0.43kg\25m/s) = 


evaluate I: 


Systems of Particles and Conservation of Momentum 545 


(b) Express the impulse delivered to 
the ball as a function of the average 
force acting on it and solve for and 
evaluate F., : 


60 ° 


I=F,At 


and 


I 10.8N-s 
F,, = — =———_ =| 1.34kN 
Ae 008s 


Picture the Problem The impulse exerted by the ground on the brick equals the change 
in momentum of the brick and is also the product of the average force exerted by the 


ground on the brick and the time during which the average force acts. 


(a) Express the impulse exerted by 
the ground on the brick: 


Because P¢ brick = 0: 


Use conservation of energy to 
determine the speed of the brick at 
impact: 


Because U; = K;, = 0: 


Solve for v: 


Substitute in equation (1) to obtain: 


Substitute numerical values and 
evaluate I: 


(c) Express the impulse delivered to 
the brick as a function of the 
average force acting on it and solve 
for and evaluate F.,, : 
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I = AP rick =  Priaa ~ Py brick 

I a Pi prick = MyickY (1) 
AK +AU =0 

or 


K, -K, +U, -U, =0 


K, -U, =0 
or 


+MyickV ~ Myc Gh = 0 
v=/2gh 


i= Myrick V 2gh 
I =(0.3kg),/2(9.81m/s?)(8m) 


=| 3.76N-s 


I=F,At 


and 


bet 2 2e0KN 
At 0.0013s 


Picture the Problem The impulse exerted by the ground on the meteorite equals the 


change in momentum of the meteorite and is also the product of the average force exerted 


by the ground on the meteorite and the time during which the average force acts. 
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Express the impulse exerted by the E = AD xsnte = Pe — Di 
ground on the meteorite: 


Relate the kinetic energy of the 2 
ee K, =? = p, = f2mK, 
meteorite to its initial momentum 2m 


and solve for its initial momentum: 


Express the ratio of the initial and p; 

final kinetic energies of the Ki 2m _ Pe 5 

meteorite: K, — p. 7 p. ~ 
2m 

Solve for pg: P, 


I 
and simplify: 2 


ar 


Substitute in our expression for I D; 1 
~ P= Pil =A 


Because our interest is in its magnitude, evaluate [I | : 


It| =|,{2(30.8 10? kg)(617 x10° (=) = 


Express the impulse delivered to the I= F,,At 

meteorite as a function of the average and 

force acting on it and solve for and I 1.81MN-s 

evaluate F’, : Li re = 35 =| 0.602 MN 
62 ee 


Picture the Problem The impulse exerted by the bat on the ball equals the change in 
momentum of the ball and is also the product of the average force exerted by the bat on 
the ball and the time during which the bat and ball were in contact. 


(a) Express the impulse exerted by T = Ap, = B; — B, 
the bat on the ball in terms of the 


= mv, — ( mv,i)= 2mvi 
change in momentum of the ball: 


where v = Vy = Vj 
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Substitute for m and v and evaluate 
I: 


(b) Express the impulse delivered to 
the ball as a function of the average 
force acting on it and solve for and 
evaluate F’.: 


*63 oe 
Picture the Problem The figure shows the 
handball just before and immediately after 
its collision with the wall. Choose a 
coordinate system in which the positive x 
direction is to the right. The wall changes 
the momentum of the ball by exerting a 
force on it during the ball’s collision with 
it. The reaction to this force is the force the 
ball exerts on the wall. Because these 
action and reaction forces are equal in 
magnitude, we can find the average force 
exerted on the ball by finding the change 
in momentum of the ball. 


Using Newton’s 3" law, relate the 
average force exerted by the ball on 
the wall to the average force exerted 
by the wall on the ball: 


Relate the average force exerted by 
the wall on the ball to its change in 
momentum: 


Express Av, for the ball: 


Substitute in our expression for 


F 


av on ball : 


I = 2(0.15kg)(20m/s) =| 6.00N-s 
I=F,,At 
and 


2 
ae on wall = a on ball 
and 
Eves wall — P65 ball (1) 
. Ap _ mAv 


avon ball — At At 


AV, =V_ bd —V; i 
or, because vi, = vcos@ and v;, = —vcos8, 
Av, = —vcos 8i —vcos 8i = —2vcos Oi 


= mAv 


FE _ 2mv cos O = 


avon ball At At 
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Evaluate the magnitude of F 


av on ball : 


Substitute in equation (1) to obtain: 


64 

Picture the Problem The pictorial 
representation shows the ball during the 
interval of time you are exerting a force on 
it to accelerate it upward. The average 
force you exert can be determined from the 
change in momentum of the ball. The 
change in the velocity of the ball can be 
found by applying conservation of 
mechanical energy to its rise in the air 
once it has left your hand. 


(a) Relate the average force exerted 
by your hand on the ball to the 
change in momentum of the ball: 


Letting U, = 0 at the initial elevation 
of your hand, use conservation of 
mechanical energy to relate the 
initial kinetic energy of the ball to 
its potential energy when it is at its 
highest point: 


Substitute for K; and Uj; and solve 
for Vo: 


Relate At to the average speed of the 
ball while you are throwing it 
upward: 


_ 2mvcos@ 
av on ball At 
_ 2(0.06kg)(5m/s)cos40° 
2ms 
= 230N 
| = 230 N 
tp = At 


t =0 


1Ou=0 


v,= 
a | 


fF _ Ap _ P,—-P, _™, 
“At At At 


because v, and, hence, p; = 0. 


AK + AU =0 
or 
—K,+U, =0 


since K, =U; =0 


and 
v, =2gh 
Vay V5 Vo 
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Substitute for At and v2 in the a mgh 
expression for F’,, to obtain: es d 
Substitute numerical values and r= (0.15 kg)(9.81m/s?)(40 m) 
evaluate Fy: a 0.7m 

=| 84.1N 
(b) Express the ratio of the weight of w mg _ (0.15kg)(9.81m/s?) < 2% 
the ball to the average force acting F,, 7 F,, 7 84.1N 
on it: 


Because the weight of the ball is less than 2% of the average force exerted 


on the ball, it is reasonable to have neglected its weight. 
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Picture the Problem Choose a coordinate system in which the direction the ball is 
moving after its collision with the wall is the positive x direction. The impulse delivered 
to the wall or received by the player equals the change in the momentum of the ball. We 
can find the average forces from the rate of change in the momentum of the ball. 


(a) Relate the impulse delivered to I = Ap= mv, — MV, 
the wall to the change in momentum = (0.06 kg) (8 sii /s) 2 
of the handball: Z 

- L. (0.06 kg)(10 m/s); 

7 (1.08 N- s)i directed into wall. 
(b) Find Fy from the change in the F = Ap = 1.08N-s 
ball’s momentum: “At 0.003s 
=| 360N, into wall. | 

(c) Find the impulse received by the I = Apya = MAv 
player from the change in - (0.06 kg)(8 m/s) 


one =| 0.480 N-s, away from wall. 


(d) Relate F,, to the change in the F = AD pall 
ball’s momentum: “At 
Express the stopping time in terms ee de 


of the average speed v,, of the ball Vv 


550 Chapter 8 


and its stopping distance d: 


Substitute to obtain: ee VavAP batt 

av d 
Substitute numerical values and FR = (4 m/s)(0.480 N: s) 
evaluate F,y: a 0.5m 


=| 3.84N, away from wall. 
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Picture the Problem The average force exerted on the limestone by the droplets of 
water equals the rate at which momentum is being delivered to the floor. We’re given 
the number of droplets that arrive per minute and can use conservation of mechanical 
energy to determine their velocity as they reach the floor. 

(a) Letting N represent the rate at _ AP croptets -N mAv 

which droplets fall, relate Fy to the At At 

change in the droplet’s momentum: 


Find the mass of the droplets: m= pV =(1kg/L)(0.03mL) 
= 3x10° kg 
Letting U, = 0 at the point of impact AK + AU =0 
of the droplets, use conservation of or 
mechanical energy to relate their K, -K,+U, -U, =0 
speed at impact to their fall 
distance: 
Because K; = U; = 0: 4mv; —mgh=0 
Solve for and evaluate v = vy: v=./2gh = (2(9.81m/s?)(5 m) 
= 9.90 m/s 
Substitute numerical values and N 
F,, =| — |mAv 
evaluate Fy: 
_l10 se 7 1min 
min 60s 


x (3 x 10° kg)(9.90 m/s) 


=| 4.95x10°N 
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(b) Calculate the ratio of the weight 


of a droplet to F,y: 


Collisions in One Dimension 


*67 ° 


We 

Fy 7 = 
_ (3x10%kg)(9.81m/s?) _ 
4.95 x10°N ~ [6 | 


Picture the Problem We can apply conservation of momentum to this perfectly 
inelastic collision to find the after-collision speed of the two cars. The ratio of the 
transformed kinetic energy to kinetic energy before the collision is the fraction of kinetic 


energy lost in the collision. 


(a) Letting V be the velocity of the 
two cars after their collision, apply 
conservation of momentum to their 
perfectly inelastic collision: 


Solve for and evaluate V: 


(b) Express the ratio of the kinetic 
energy that is lost to the kinetic 
energy of the two cars before the 
collision and simplify: 


Substitute numerical values to obtain: 


Pp initial — Pp final 
or 
mv, +mv, = (m + m)V 


_v,+v, _ 30m/s+10m/s 


V = 
2 2 
AK = Kena — K initia 
K initia K initia 
a Kena —1 
initial 
__3(2m)v" 
mv; +4mv; 
ww? 
yee 
AK _ 2(20 m/s)" 
Kini) (30m/s)” + (10 m/s) 
= —0.200 


the deformation of metal. 


20% of the initial kinetic energy is transformed into heat, sound, and 
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68 
Picture the Problem We can apply conservation of momentum to this perfectly 
inelastic collision to find the after-collision speed of the two players. 


Letting the subscript 1 refer to the P, = Ds 
running back and the subscript 2 refer or 
to the linebacker, apply conservation my, = (m, +m, )v 


of momentum to their perfectly 
inelastic collision: 


Solve for V: m, 


vey, 
m, +m, 
Substitute numerical values and Ve 85 kg (7 = /s) -1313m/s 
evaluate V: 85kg +105kg 
69 ° 


Picture the Problem We can apply conservation of momentum to this collision to find 
the after-collision speed of the 5-kg object. Let the direction the 5-kg object is moving 
before the collision be the positive direction. We can decide whether the collision was 
elastic by examining the initial and final kinetic energies of the system. 


(a) Letting the subscript 5 refer to D; = Ps 

the 5-kg object and the subscript 2 or 

refer to es 10-kg object, apply MV; 5 —MyoV; 49 = MsV; 5 

conservation of momentum to 

obtain: 

Solve for v;5s: MsVii5 — MioVi 10 
Ves wee 

ms 
Substitute numerical values and i (5 kg)(4 m/; s) = (10 kg)(3 m/ s) 
evaluate ves: " 5kg 
=| —2.00m/s 


where the minus sign means that the 5-kg 
object is moving to the left after the 
collision. 
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(b) Evaluate AK for the collision: 


AK = K, —K, = 4(5kg)(2m/s) -|£(5kg)(4m/s)’+4(10kg)(3m/s)' |= -75.0J 


Because AK + 0, the collision was inelastic. 
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Picture the Problem The pictorial Prat =2 Vera = 0 
representation shows the ball and bat just 


before and just after their collision. Take = . 


| 

I} atl 

PO 
LI tly 


the direction the bat is moving to be the 
positive direction. Because the collision is 


elastic, we can equate the speeds of 
recession and approach, with the 
approximation that V; pat © Vepat to find Vg pan. 


> 
Express the speed of approach of the Ve bat ~ Veball = (Vs ha — V; pat 
bat and ball: 
Because the mass of the bat is much Vibat © Vebat 
greater than that of the ball: 
Substitute to obtain: Ve bat = Ve ball = (Ve px = Vi att) 


Solve for and evaluate Vépan: Vena = Vina Vi — Vist) 


=—Vi pan + 2Ve ne = V+ 2V 


*71 
Picture the Problem Let the direction the proton is moving before the collision be the 
positive x direction. We can use both conservation of momentum and conservation of 
mechanical energy to obtain an expression for velocity of the proton after the collision. 
(a) Use the expression for the total P= yim, = MV... 
momentum of a system to find Vem: i 

and 


g,, =< 7 = 2 (300mis)f 
mom: 


=| (23.1m/s)i 
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(b) Use conservation of momentum MV gS gg Mee Vent (1) 
to obtain one relation for the final 

velocities: 

Use conservation of mechanical Vice Ve (Vinci Ve v,i 2) 


energy to set the velocity of 
recession equal to the negative of 
the velocity of approach: 


To eliminate Vjuc, solve equation Viet = Vpn? Ved 
(2) for Vauc.f, and substitute the result M,V,,; = MV, + Mug (v,, +Vi4 ) 
in equation (1): 
Solve for and evaluate v, ¢: Fs M, — Mnruc ; 
pf Pai 
mM, + Myx 
m—12m 
= —_——— (300 m/s) =| —254m/s 


13m 
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Picture the Problem We can use conservation of momentum and the definition of an 
elastic collision to obtain two equations in V2; and v3, that we can solve simultaneously. 


Use conservation of momentum to M3V3, = M3V3¢ + MV 9¢ (1) 
obtain one relation for the final 

velocities: 

Use conservation of mechanical Vog —Vap = (Vv. —V5 ) =v, (2) 


energy to set the velocity of 
recession equal to the negative of 
the velocity of approach: 


Solve equation (2) for v3; , substitute — 2M,V5, _ 2(3kg)(4m/s) 

in equation (1) to eliminate vs;, and 7 m, +m, 2kg+3k¢ 

solve for and evaluate v>,: —~|480m/s 

Use equation (2) to find v3¢ V3p = Vo¢ —V3, = 4.80 m/s — 4.00 m/s 
=| 0.800 m/s 

Evaluate K; and K¢: K, =K,, =4m,v;, = 1(3 kg)(4 m/s)" 
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Because K, = K,, we can conclude that the values obtained for v,, and v,, are 


consistent with the collision having been elastic. 


and 
K, = Ky +K., =1m,v;, +imv;, 
= 1(3kg)(0.8m/s) 
+4(2kg)(4.8m/s) 
= 24.0J 
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Picture the Problem We can find the velocity of the center of mass from the definition 


of the total momentum of the system. We’ll use conservation of energy to find the 


maximum compression of the spring and express the initial (i.e., before collision) and 


final (i.e., at separation) velocities. Finally, we’ll transform the velocities from the 


center of mass frame of reference to the table frame of reference. 


(a) Use the definition of the total 
momentum of a system to relate the 
initial momenta to the velocity of 
the center of mass: 


Solve for Vem: 


Substitute numerical values and 
evaluate Vom: 


(b) Find the kinetic energy of the 
system at maximum compression 
(u; = Us = 0): 


Use conservation of energy to relate 
the kinetic energy of the system to 
the potential energy stored in the 
spring at maximum compression: 


Because K; = K,, and U,; = 0: 


Pp = > mV, = Mv. 


or 
MV = (m, +m, vy. 


m 


= MV); is M5V>i 
cn 


m, +m, 


_ (2kg)(10m/s)+ (5kg)(3m/s) 
a 2kg+5kg 


=| 5.00 m/s 
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Solve for Ax: 2(K, = Ken) 

\ k 

2 mvj; By 4m,v5; i Ken] 
\ k 


2 2 
MV, +M,V5, — 2K on 


\ k 


Substitute numerical values and evaluate Ax: 


_ |(2kg)(Om/s) +(Skg)(3m/s) —_2(87.5J) | _ 
aa | 1120 N/m 1120N/m | — 


(c) Find uy, uz, and uy; for this Uys =Vyi — Von = 10 m/s —5m/s = 5 m/s, 
elastic collision: U5, =V>, —Von = 3/s — 5 m/s = —2 m/s, 
and 


Ui = Vig —Von = 0—-5m/s =—5 m/s 


Use conservation of mechanical Une — Uys = (uy, - U,;) 

energy to set the velocity of and 

recession equal to the negative of Une = U5, +U,; + Uy, 

the velocity of approach and solve = =(= y) m/s) +5m/s—5m/s 

for Ung: Pails 

Transform uj, and Uz to the table Vig = Uy +Vin =—OMV/s+5m/s =| 0 


frame of reference: 
and 


Vor = Ud, or Vag 


= 2m/s+5m/s =| 7.00m/s 
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Picture the Problem Let the system include the earth, the bullet, and the sheet of 
plywood. Then We x: = 0. Choose the zero of gravitational potential energy to be where 
the bullet enters the plywood. We can apply both conservation of energy and 
conservation of momentum to obtain the various physical quantities called for in this 


problem. 

(a) Use conservation of mechanical AK + AU =0 

energy after the bullet exits the sheet or, because K; = U; = 0, 
of plywood to relate its exit speed to —Lmv* +mgh=0 


the height to which it rises: 
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Solve for Vm: v= [2gh 


Proceed similarly to relate the initial =| ./2gH 
velocity of the plywood to the height 
to which it rises: 


(b) Apply conservation of momentum P, = P; 
to the collision of the bullet and the or 
sheet of plywood: MmvV,,; = Mv,, + Mv, 
a for Vm and vy and solve for a= | J2gh i M /2gH | 
mi: m 
(c) Express the initial mechanical E, =4mv%, 
energy of the system (i.e., just before 
By Gr thesy: (Le, j OM ue 
the collision): =| mg| h+—~vhH +|—| H 
m m 
Express the final mechanical energy E, =mgh+MgH = g(mh +MH) 


of the system (i.e., when the bullet 
and block have reached their 
maximum heights): 


(d) Use the work-energy theorem E, — E, + Woiction = 9 
with W.x: = 0 to find the energy and 

dissipated by friction in the inelastic ae 

collision: 
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Picture the Problem We can find the velocity of the center of mass from the definition 
of the total momentum of the system. We’ll use conservation of energy to find the 
speeds of the particles when their separation is least and when they are far apart. 


(a) Noting that when the distance P- > m,v, = Mv.,, 
between the two particles is least, i 

both move at the same speed, OF 

namely Vom, use the definition of the MVoi = (m, +m, Wag: 


total momentum of a system to relate 
the initial momenta to the velocity of 
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the center of mass: 


Solve for and evaluate Ven: _ mvi+mVv, mv, +0 
V =Vy= — 
- m, +m, m+4m 
=| 0.200v, 
(b) Use conservation of momentum MV = MVp¢ + MVoe (1) 
to obtain one relation for the final 
velocities: 
Use conservation of mechanical A al ao (v,, Va )= Vi (2) 


energy to set the velocity of 
recession equal to the negative of 
the velocity of approach: 


Solve equation (2) for vp¢ , substitute 2M,Vo 2mv, 0.400 
i i i i i = = = 
in equation (1) to eliminate v,;, and a m,+m, m+4m : 


solve for Veg: 
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Picture the Problem Let the numeral 1 denote the electron and the numeral 2 the 
hydrogen atom. We can find the final velocity of the electron and, hence, the fraction of 
its initial kinetic energy that is transferred to the atom, by transforming to the center-of- 
mass reference frame, calculating the post-collision velocity of the electron, and then 
transforming back to the laboratory frame of reference. 


Express f, the fraction of the K, -K;, Ke 
electron’s initial kinetic energy that cS K il K 
is transferred to the atom: : ' (1) 
2 2 
= TMVie _ y—| Mt 
= : — 
2 MVj; Vii 
Find the velocity of the center of m,Vi; 
mass: ™  m,+m, 
or, because m, = 1840m,, 
mV); 1 


Vom = = Vii 
m,+1840m, 1841 


Find the initial velocity of the 1 
electron in the center-of-mass Ui = Vii Yom = Yai — Vii 

1841 
reference frame: 
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Find the post-collision velocity of 
the electron in the center-of-mass 
reference frame by reversing its 
velocity: 


To find the final velocity of the 
electron in the original frame, add 
Vem to its final velocity in the center- 
of-mass reference frame: 


Substitute in equation (1) to obtain: 
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Picture the Problem The pictorial 
representation shows the bullet about to 
imbed itself in the bob of the ballistic 
pendulum and then, later, when the bob 
plus bullet have risen to their maximum 
height. We can use conservation of 
momentum during the collision to relate 
the speed of the bullet to the initial speed 
of the bob plus bullet (V). The initial 
kinetic energy of the bob plus bullet is 
transformed into gravitational potential 
energy when they reach their maximum 
height. Hence we apply conservation of 
mechanical energy to relate V to the angle 
through which the bullet plus bob swings 
and then solve the momentum and energy 
equations simultaneously for the speed of 
the bullet. 


Use conservation of momentum to 
relate the speed of the bullet just 
before impact to the initial speed of 
the bob plus bullet: 


Solve for the speed of the bullet: 


Use conservation of energy to relate 


1 
Uy, = Uy = ‘ca Vii 


599 


= 2.17x10° =| 0.217% 


Leos @ 


Vv, = (av (1) 
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the initial kinetic energy of the or, because K;= U; = 0, 

bullet to the final potential energy of —K,+U, =0 

the system: 

Substitute for K; and U; and solve - 1(m +M )v? 

for V: +(m+M )gL(1-cos @)=0 
and 


V =./2gL(1-cos6) 


Substitute for V in equation (1) to Vv, = fi re 4 2gL(1—cos0 
m 


obtain: 


Substitute numerical values and evaluate v,: 


v= [1+ gLSBB 0. sime7Ja.3m)—cos60) = 450 m/s 


0.016kg 
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Picture the Problem We can apply conservation of momentum and the definition of an 
elastic collision to obtain equations relating the initial and final velocities of the colliding 
objects that we can solve for v;; and V>,. 


Apply conservation of momentum to M,V;, +M,V, = M,V,,; + ,V5, (1) 
the elastic collision of the particles 
to obtain: 
es : ae : oa b 4 ed 5 
Relate the initial and final kinetic . my; +4m,v;, =4my,; +4m,v;, 
energies of the particles in an elastic 
collision: 
j j 2 2\_ 2 2 
pou this equation and factor to m, (v2. = v2 )= m, (v2 —Vi ) 
obtain: ei 
my, (Vag ~ Voi \(vag os V5; ) (2) 
=m, (v,; — Vie Wa + Vie ) 
Rearrange equation (1) to obtain: m,(V.¢ —V>, ) =m, (v,; —Vis ) (3) 
Divide equation (2) by equation (3) Vp + V5, =Vy + Vy 
to obtain: 
Rearrange this equation to obtain Vig —Vop = Voi — Vij (4) 
equation (4): 
Multiply equation (4) by m, and add (m, +m, yy, = (m, —m, yyy +2m,v,, 


it to equation (1) to obtain: 
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Solve for vj; to obtain: m—m 2m 
Vip = ——_§V + —+— Voi 
m,+m, m, +m, 
Multiply equation (4) by m, and (m, 4 m, )V, = (m, = m, )V>, +2myy,, 
subtract it from equation (1) to 
obtain: 


Solve for v2; to obtain: 


Remarks: Note that the velocities satisfy the condition that v,, —Vv,; = -(v,, —Vi; ). 
This verifies that the speed of recession equals the speed of approach. 
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Picture the Problem As in this problem, Problem 78 involves an elastic, one- 
dimensional collision between two objects. Both solutions involve using the conservation 


of momentum equation m,V,, +™M,V,, = M,V,, + m,V,, and the elastic collision 


equation Vj, —V>—_ = Vo; 


1 


— V,; . In part (a) we can simply set the masses equal to each other 
and substitute in the equations in Problem 78 to show that the particles "swap" velocities. 
In part (b) we can divide the numerator and denominator of the equations in Problem 78 
by m, and use the condition that m, >> m, to show that vis © —vyj+2Vo; and Vo¢*% Voi. 


(a) From Problem 78 we have: m,—m 2m 
= 1 2 a 2 1) 
Vie Vii V5 ( 
m,+m, m,+m, 
and 
2m m,—-m 
== 1 2 1 
Vop = Vv Voi (2) 
m, +m, m, +m, 
Set m, = mM» = m to obtain: 2m 
Vig = nm Voi Voi 
and 
2m 
Vop = aay Vii Vii 
(b) Divide the numerator and m, 
denominator of both terms in Fae. =1 2 
equation (1) by m, to obtain: Vi = a 7 V5; 
144 —liy 
m m 


>>m:: 
a Vig © | —Vyit2v,; 
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Divide the numerator and 


denominator of both terms in 
equation (2) by m; to obtain: 


If mz >> my: 


ge oe 
m m 
= 2 2 
Vor ~ li * Voi 
m, m, 
—+1 —+1 
mM, mM), 
Vo¢ = Voi 


Remarks: Note that, in both parts of this problem, the velocities satisfy the condition 
thatv,, —V,, = -(v,, —Viy ) . This verifies that the speed of recession equals the speed 


of approach. 


Perfectly Inelastic Collisions and the Ballistic Pendulum 
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Picture the Problem Choose U, = 0 at the bob’s equilibrium position. Momentum is 


conserved in the collision of the bullet with bob and the initial kinetic energy of the bob 


plus bullet is transformed into gravitational potential energy as it swings up to the top of 


the circle. If the bullet plus bob just makes it to the top of the circle with zero speed, it 


will swing through a complete circle. 


Use conservation of momentum to 
relate the speed of the bullet just 
before impact to the initial speed of 
the bob plus bullet: 


Solve for the speed of the bullet: 


Use conservation of energy to relate 
the initial kinetic energy of the bob 
plus bullet to their potential energy 
at the top of the circle: 


Substitute for K, and U;: 


Solve for V: 


Substitute for V in equation (1) and 
simplify to obtain: 


mv = (m, +m, )v 


y=[162]v (1) 


AK +AU =0 
or, because K;= U; = 0, 
—K,+U, =0 


—4(m, +m,)V? +(m, +m,)g(2L) =0 
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Picture the Problem Choose U, = 0 at the equilibrium position of the ballistic 


pendulum. Momentum is conserved in the collision of the bullet with the bob and 


kinetic energy is transformed into gravitational potential energy as the bob swings up to 


its maximum height. 


Letting V represent the initial speed 
of the bob as it begins its upward 
swing, use conservation of 
momentum to relate this speed to the 
speeds of the bullet just before and 
after its collision with the bob: 


Solve for the speed of the bob: 


Use conservation of energy to relate 
the initial kinetic energy of the bob 
to its potential energy at its 
maximum height: 


Substitute for K, and U;: 


Solve for h: 


Substitute V from equation (1) in 
equation (2) and simplify to obtain: 


82s 


mv = m,(4 v)+ mV 


V= Vv 1 
= (1) 

AK +AU =0 

or, because K;= U; = 0, 

—K,+U, =0 


—14m,V* +m,gh=0 


2 
par 


7 2g (2) 


Picture the Problem Let the mass of the bullet be m, that of the wooden block M, the 
pre-collision velocity of the bullet v, and the post-collision velocity of the block+bullet be 
V. We can use conservation of momentum to find the velocity of the block with the bullet 
imbedded in it just after their perfectly inelastic collision. We can use Newton’s 2" law 
to find the acceleration of the sliding block and a constant-acceleration equation to find 


the distance the block slides. 
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m o VA ee 
OQ— M m+M Ky | 
n n x 
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Using a constant-acceleration 
equation, relate the velocity of the 
block+bullet just after their collision 
to their acceleration and 
displacement before stopping: 


Solve for the distance the block 
slides before coming to rest: 


Use conservation of momentum to 
relate the pre-collision velocity of 
the bullet to the post-collision 
velocity of the block+bullet: 


Solve for V: 


Substitute in equation (1) to obtain: 


Apply > F = ma to the 


block+bullet (see the FBD in the 
diagram): 


Use the definition of the coefficient 
of kinetic friction and equation (4) 
to obtain: 


Substitute in equation (3): 
Solve for a to obtain: 


Substitute in equation (2) to obtain: 


(m+M)¢ 


0 =V* + 2aAx 
because the final velocity of the 
block+bullet is zero. 


Vv? 
Ax =-— 1 
Pa (1) 
mv =(m+M)V 
_  m 
m+M 


(2) 


(3) 


(4) 
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Substitute numerical values and evaluate Ax: 


2 
1 0.0105kg 
es 750m/s)| =[0.130m | 
Tae arm doses ms) = 
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Picture the Problem The collision of the ball with the box is perfectly inelastic and we 
can find the speed of the box-and-ball immediately after their collision by applying 
conservation of momentum. If we assume that the kinetic friction force is constant, we 
can use a constant-acceleration equation to find the acceleration of the box and ball 
combination and the definition of 4a, to find its value. 


Using its definition, express the f ( M+ m)|a| la| 
coefficient of kinetic friction of the b= = = (M ) = (1) 
table: n el 
Use conservation of momentum to MV = (m + M)v 
relate the speed of the ball just 
before the collision to the speed of 
the ball+box immediately after the 
collision: 
Solve for v: 
oa MV (2) 
m+M 
Use a constant-acceleration equation ve = y- + 2aAx 


to relate the sliding distance of the 
ball+box to its initial and final 
velocities and its acceleration: 


or, because v; = 0 and v; = v, 
0 =v’ + 2aAx 


Solve for a: v2 


Substitute in equation (1) to obtain: v2 


Use equation (2) to eliminate v: 1 ( MV ) 
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Substitute numerical values and evaluate sx: 


2 


1 1.3m/s 

= =| 0.0529 
 ~ 9(9.81m/s*(0.52m)| 0.327kg 
0.425kg 
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Picture the Problem Jane’s collision with Tarzan is a perfectly inelastic collision. We 
can find her speed v, just before she grabs Tarzan from conservation of energy and their 
speed V just after she grabs him from conservation of momentum. Their kinetic energy 
just after their collision will be transformed into gravitational potential energy when they 
have reached their greatest height h. 


0 E 
m,&—*& 
\ | % 
‘ | A, 
we 
% | Amn 


Use conservation of energy to relate USK, 
the potential energy of Jane and 
Tarzan at their highest point (2) to 
their kinetic energy immediately 
after Jane grabbed Tarzan: 


Solve for h to obtain: vy 
i (1) 


Use conservation of momentum to mv, =m,.V 
relate Jane’s velocity just before she 

collides with Tarzan to their 

velocity just after their perfectly 

inelastic collision: 


Solve for V: m 
V=—y, (2) 
My,7 
Apply conservation of energy to kK, =U, 


relate Jane’s kinetic energy at 1 to 
her potential energy at 0: 
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Solve for vj: v, = J2gL 
Substitute in equation (2) to obtain: 
q (2) ae Mm, J2gL 
My, 
Substitute in equation (1) and 4 we 2 
simplify: h -2 4 2gL -| | 1 
2g My 7 My 7 
Substitute numerical values and 54k 2 
evaluate h: a (es (25m) =| 3.94m 
54kg + 82kg 


Exploding Objects and Radioactive Decay 
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Picture the Problem This nuclear reaction is “Be + 2a + 1.5x10-* J. In order to 
conserve momentum, the alpha particles will have move in opposite directions with the 
same velocities. We’ll use conservation of energy to find their speeds. 


. — 921 2)_ 
Letting E represent the energy 2K, = (4 miVo ) =E 
released in the reaction, express 
conservation of energy for this 


process: 
Solve for v,: on 

v= 

\m, 
Substitute numerical values and =4 
| (i ee eso mis 

evaluate v,: a \ 6.68x10-2” kg 
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Picture the Problem This nuclear reaction is °Li— @+ p + 3.15 x 10°’ J. To conserve 
momentum, the alpha particle and proton must move in opposite directions. We’ll apply 
both conservation of energy and conservation of momentum to find the speeds of the 
proton and alpha particle. 


Use conservation of momentum in PD; = Pp; =9 
this process to express the alpha and 
particle’s velocity in terms of the 0=m,v, -M,V, 


proton’s: 
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Solve for v,, and substitute for m, to _m ms, 
a 1L=— 7, = v= aNp 
obtain: Mm, 4m, 
Letting E represent the energy Ki+K,=8 
released in the reaction, apply or 
i 2 2 
conservation of energy to the im,v, +4m,v, =E 
process: 
y] 2 
Substitute for v.: aL eagle (2 v, } =E 
Solve for v, and substitute for m, to B2E B2E 
‘ V— = 
obtain: * 16m, +m, 16m, + 4m, 
Substitute numerical values and 32(3. 15x10°% J) 
Vy= 
evaluate Vp: P 20(1.67 x 1072’ kg) 
=| 1.74x10’ m/s 
Use the relationship between v, and Vv, =4V) = 1(1.74 x10’ m/s) 


V, to obtain vy: 


—| 4,34x10° m/s | 
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Picture the Problem The pictorial representation shows the projectile at its maximum 
elevation and is moving horizontally. It also shows the two fragments resulting from the 
explosion. We chose the system to include the projectile and the earth so that no 
external forces act to change the momentum of the system during the explosion. With 
this choice of system we can also use conservation of energy to determine the elevation 
of the projectile when it explodes. We’ll also find it useful to use constant-acceleration 
equations in our description of the motion of the projectile and its fragments. 


0, 
| Ron ig 
y 3 e, teee ‘s 


e (Ax,Ay) 
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(a) Use conservation of momentum 
to relate the velocity of the projectile 
before its explosion to the velocities 
of its two parts after the explosion: 


The only way this equality can hold 
is if: 


Express v3 in terms of vg and 
substitute for the masses to obtain: 


Using a constant-acceleration 
equation with the downward 
direction positive, relate vy. to the 
time it takes the 2-kg fragment to hit 
the ground: 


With U, = 0 at the launch site, apply 
conservation of energy to the climb 
of the projectile to its maximum 
elevation: 


Solve for Ay: 


Substitute numerical values and 
evaluate Ay: 


Substitute in equation (2) and 
evaluate vyo: 


Substitute in equation (1) and 
evaluate vy;: 


P, = Ps 
m,V, = mV, + mV, 


m,v3i = mVv,,i +myv,,j —M,V,, J 


MV; = MV, 
and 


MV y, = MyVy9 


V,, = 3V3 = 3v, cos@ 
= 3(120m/s)cos30° = 312 m/s 


and 
y2 (1) 


(2) 


AK + AU =0 

Because K; = Uj; = 0, —K, +U, =0 
or 

= SV 55 +m,gAy = 0 


Vyo _ (v,sin30°) 


A =— = 
4 2g 2g 
ne [0.20 m/s)sin30°]” sees 
2(9.81m/s") 
_183.5m—4(9.81m/s")(3.6s) 
ue 3.68 
= 33.3m/s 


V,, = 2(33.3m/s) = 66.6 m/s 
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Express V, in vector form: Vi= Val + Vid 
=| (312m/s)i + (66.6 m/s)j 
(b) Express the total distance d d = Ax + Ax' (3) 


traveled by the 1-kg fragment: 


Relate Ax to Vo and the time-to- Ax = (v, cos @ (At... ) (4) 
explosion: 


Using a constant-acceleration Vo _ Vv, sind 


At... = 
equation, express Afexp: g g 
Substitute numerical values and Ape (120 m/ s)sin30° —6.125 
evaluate Atexp: “ 9.81m/s° : 
Substitute in equation (4) and Ax = (120m/s)(cos30°)(6.12s) 
evaluate Ax: = 636.5m 
Relate the distance traveled by the Ax' = v,,At' 
1-kg fragment after the explosion to 
the time it takes it to reach the 
ground: 
Using a constant-acceleration Ay =v,,At'—5 (At'y 
equation, relate the time At’ for the 
1-kg fragment to reach the ground to 
its initial speed in the y direction and 
the distance to the ground: 
Substitute to obtain the quadratic (At'y) - (13.6s)At’ —37.4s° =0 
equation: 
Solve the quadratic equation to find At'=15.9s 
At’: 
Substitute in equation (3) and d = Ax+ Ax' = Ax +v,, At’ 
evaluate d: = 636.5m +(312m/s\(15.9s) 


=| 5.61km 
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(c) Express the energy released in Ep = AK = K, — K; (5) 
the explosion: 


Find the kinetic energy of the K, =K,+K, =4my, +4m,v; 
fragments after the explosion: =4 (ik g)(312 iii /sY #: (66. Gai /s)'| 
+4(2kg\(33.3m/s) 
= 52.0kJ 
Find the kinetic energy of the K, =4m,v; =4m, (v, cos oy 
projectile before the explosion: =a (3 kg)[(120 " /s)cos 30°]? 
=16.2kJ 
Substitute in equation (5) to EQ = K; — K, =52.0kJ -16.2kJ 
determine the energy released in the —|35.8kI 
explosion: [35.8% | 
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Picture the Problem This nuclear 
reaction is °B > 2a + p + 4.4x10 “J. 
Assume that the proton moves in the —x 
direction as shown in the figure. The sum 
of the kinetic energies of the decay 
products equals the energy released in the 
decay. We’ll use conservation of 
momentum to find the angle between the 
velocities of the proton and the alpha 
particles. Note that v, =Vv,'. 


Express the energy released to the Ki t+2K, =Ea 
kinetic energies of the decay or 

: 2 2 
products: 4 m,v, + (2 m,V., ) =Eis 
Solve for vz: E.-1mv2 
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Substitute numerical values and evaluate v,: 
4.4x10™%J — 4(1.67x10~ kg)(6x10° m/s} ; 
Va = = = =, =| 1.44x10° m/s 
6.68x10 kg 6.68x10“ kg 


Given that the boron isotope was at P; =P,=9 > py =0 
rest prior to the decay, use & 2(m,v, cos 6) —m,v, =0 
conservation of momentum to relate 


or 


the momenta of the decay products: 2(4m,v, cos 0)- m,v, =0 


Solve for @: lv 
. 0 =cos '| 
| 8v, 
i; 6 
eee ae = +58.7° 

| 8(1.4410° m/s) 

Let 0’ equal the angle the velocities G = +(180° = 58.7°) 

of the alpha particles make with that = faeiod? | 


of the proton: 
Coefficient of Restitution 
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Picture the Problem The coefficient of restitution is defined as the ratio of the velocity 
of recession to the velocity of approach. These velocities can be determined from the 
heights from which the ball was dropped and the height to which it rebounded by using 
conservation of mechanical energy. 


Use its definition to relate the Vie 
coefficient of restitution to the V 
velocities of approach and recession: 


Letting U, = 0 at the surface of the AK +AU =0 
steel plate, apply conservation of Because K; = U;= 0, 
energy to express the velocity of K, —U, =0 
approach: or 
2 — 
7 mv,,, —mgh,,, = 0 


Solve for Vapp: Vag = 4) 20 as 
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Viec = V 2gh,,. 


Substitute in the equation for e to 2 gh ie h 


_ rec 


btain: oe i ~ 
obtain 2gh,,,, Asp 


Substitute numerical values and evaluate e: 2.5m 
e=_|—— =| 0.913 
— 


In like manner, show that: 
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Picture the Problem The coefficient of restitution is defined as the ratio of the velocity 
of recession to the velocity of approach. These velocities can be determined from the 
heights from which an object was dropped and the height to which it rebounded by using 


conservation of mechanical energy. 


Use its definition to relate the oe Ved 
coefficient of restitution to the Vavp 
velocities of approach and 
recession: 
Letting U, = 0 at the surface of the AK + AU =0 
steel plate, apply conservation of Because K; = U; = 0, 
energy to express the velocity of K, —U, =0 
approach: or 
1 2 
ymv,,, —mgh,,, =0 


Solve for Vapp: 


In like manner, show that: 


Substitute in the equation for e to 
obtain: 


2gh,,, app 
Find enin: 
aa 173cm _ 0.8295 
\ 254cm 
Find €max: 1 
PND hacker FT 
\ 254cm 
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and | 0.825<e< 0.849 


Picture the Problem Because the rebound kinetic energy is proportional to the rebound 


height, the percentage of mechanical energy lost in one bounce can be inferred from 


knowledge of the rebound height. The coefficient of restitution is defined as the ratio of 


the velocity of recession to the velocity of approach. These velocities can be determined 


from the heights from which an object was dropped and the height to which it rebounded 


by using conservation of mechanical energy. 


(a) We know, from conservation of 
energy, that the kinetic energy of an 
object dropped from a given height 
h is proportional to h: 


If, for each bounce of the ball, 
hyec = 0.8Napp: 


(b) Use its definition to relate the 
coefficient of restitution to the 
velocities of approach and 
recession: 


Letting U, = 0 at the surface from 
which the ball is rebounding, apply 


conservation of energy to express 
the velocity of approach: 


Solve for Vapp: 


In like manner, show that: 


Substitute in the equation for e to 
obtain: 


h 
Substitute for —** to obtain: 
app 


Kah. 


20% of its mechanical energy is lost. 


Viec 
e= 

Vapp 
AK + AU =0 
Because K;, = U; = 0, 
K, -—U, =90 
or 


Vapp = V 2gh.,, 
Viec = V 2 hie 


e= Vv 2 GPec = flee 
V 2ghyp Popp 
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Picture the Problem Let the numeral 2 refer to the 2-kg object and the numeral 4 to the 
4-kg object. Choose a coordinate system in which the direction the 2-kg object is moving 
before the collision is the positive x direction and let the system consist of the earth, the 
surface on which the objects slide, and the objects. Then we can use conservation of 
momentum to find the velocity of the recoiling 4-kg object. We can find the energy 
transformed in the collision by calculating the difference between the kinetic energies 
before and after the collision and the coefficient of restitution from its definition. 


(a) Use conservation of momentum P, = P; 
in one dimension to relate the initial or 
and final momenta of the _ 
MyVo, = MyVg¢ — MyVo¢ 


participants in the collision: 


Solve for and evaluate the final — MV; + MV o¢ 
velocity of the 4-kg object: bs mM, 
2k +1 
_ (2kg)(6m/s +1m/s) _ Sonik 
4kg 
(b) Express the energy lost in terms Bios = K, — Ky 


of the kinetic energies before and =1m,v;, - (2 m,Vv;, +4m,Vi; ) 


1 
2 

after the collision: | ( ae ) 2 
@ UM Woy — Var J MV ae 


Substitute numerical values and evaluate Fj: 


Eyq =4+((2kg){(6mm/s)’ —(am/s)'})—(4kg)(3.5 mvs)’ |= [10.5 


(c) Use the definition of the coefficient of restitution: 


ce, = UE 3.5m/s ~(-1m/s) =| 0.750 
V>, 6m/s 


93. ee 
Picture the Problem Let the numeral 2 refer to the 2-kg block and the numeral 3 to the 
3-kg block. Choose a coordinate system in which the direction the blocks are moving 
before the collision is the positive x direction and let the system consist of the earth, the 
surface on which the blocks move, and the blocks. Then we can use conservation of 
momentum find the velocity of the 2-kg block after the collision. We can find the 
coefficient of restitution from its definition. 
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(a) Use conservation of momentum in 
one dimension to relate the initial and 


P; oa P; 
or 


final momenta of the participants in _ 
p P M,V>; ag M3V>3, aa M,V5¢5 + M3V 35 


the collision: 


Solve for the final velocity of the 2-kg MV, + M3V3, — M3V5¢ 


Vag = 
object: 7) 


Substitute numerical values and evaluate vos: 


(2kg)(Sm/s)+ (3kg)(2m/s—4.2m/s) 


ot = =| 1.70m/s 
2kg 
(b) Use the definition of the coefficient ae Vise Vat Vow 4,.2m/s—1.7m/s 
of restitution: Vv V5, =, 9m/s—2m/s 


app 2i- i 


- [0a 


Collisions in Three Dimensions 


*94 ee 

Picture the Problem We can use the definition of the magnitude of a vector and the 
definition of the dot product to establish the result called for in (a). In part (b) we can use 
the result of part (a), the conservation of momentum, and the definition of an elastic 
collision (kinetic energy is conserved) to show that the particles separate at right angles. 


(B+C).(B+C) 
= B?+C?+2B-C 


(a) Find the dot product of B+C 
with itself: 


Because A= B+C: A’ =|B+E] =(8+€)-(B+€) 


Substitute to obtain: A? = B?+C?+2B-C 


(b) Apply conservation of 
momentum to the collision of the 
particles: 


Pp, +p, =P 


Form the dot product of each side of ( B, $: p,) .( B, + p,) =p.p 


this equation with itself to obtain: 


or 
pi + p; +2p,- Bp, =P° (1) 

Apply the definition of an elastic pe p: Pp? 

collision to obtain: ee ee 


2m 2m 2m 
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Subtract equation (1) from equation 
(2) to obtain: 


95 


or 
Pi + py =P? (2) 


i.e., the particles move apart along paths that 
are at right angles to each other. 


Picture the Problem Let the initial direction of motion of the cue ball be the positive x 


direction. We can apply conservation of energy to determine the angle the cue ball makes 


with the positive x direction and the conservation of momentum to find the final 


velocities of the cue ball and the eight ball. 


(a) Use conservation of energy to 
relate the velocities of the collision 
participants before and after the 
collision: 


This Pythagorean relationship tells 
us that V.,, V.¢, and v, form a right 


ci? 


triangle. Hence: 


(b) Use conservation of momentum 
in the x direction to relate the 
velocities of the collision 
participants before and after the 
collision: 


Use conservation of momentum in 
the y direction to obtain a second 


equation relating the velocities of the 


collision participants before and 
after the collision: 


Solve these equations 
simultaneously to obtain: 


1 21 2 1 2 
7 MV, _ 7 MV oa 7 MV, 
or 

Oe a2! 2 
Voi Vet ate Ve 

fo) 

8, +4, =90 
and 
O.. = 
Py = Pye 
or 


mv, = mv, cos@, + mv, cos O, 


Pyi = Pys 
or 


0=mv,, sind, + mv, sin 6, 


and 
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Picture the Problem We can find the final velocity of the object whose mass is M, by 
using the conservation of momentum. Whether the collision was elastic can be decided 
by examining the difference between the initial and final kinetic energy of the 
interacting objects. 


(a) Use conservation of momentum to P, = P; 
relate the initial and final velocities of or 
the two objects: mv,i + 2m(tv,j) = 2mlLv,i )+ MV; 
Simplify to obtain: Vol +VoJ = 4Vol + Vy, 
Solve for V,, : Pl tas eso 
if Vip =| Vol +VoJ 


(b) Express the difference between the kinetic energy of the system before the collision 
and its kinetic energy after the collision: 


— = a 2 2 2 2 

AE = K, —K; ae K,, +K,; -(K,, +K,,)= 4|M,v3 +Mv5; —-M Vir — M5 
4 2 2 2 2] 4 2 2 2 2 

= 5 mv? + 2mv;; — MV,; — 2MV5, = tmlv? 2y ie 2v2,| 


1 2 1 yy 5 yy2 1,2 )/—] 1 2 
nly; o (ty; )-av3 oa ative ) _ 
Because AE + 0, the collision is inelastic. 


*Q7 ee 
Picture the Problem Let the direction of motion of the puck that is moving before the 
collision be the positive x direction. Applying conservation of momentum to the collision 
in both the x and y directions will lead us to two equations in the unknowns v, and v2 that 
we can solve simultaneously. We can decide whether the collision was elastic by either 
calculating the system’s kinetic energy before and after the collision or by determining 
whether the angle between the final velocities is 90°. 


(a) Use conservation of momentum Pyi = Pye 
in the x direction to relate the or 
velocities of the collision mv = mv, cos30° + mv, cos 60° 


participants before and after the OF 


collision: 7 7 
v =v, cos 30° + v, cos 60 
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Use conservation of momentum in Pyi = Pye 

the y direction to obtain a second or 

equation relating the velocities of = : ° : ° 
" 8 0 = mv, sin 30° — mv, sin 60 


the collision participants before and a 


0 =v, sin 30° —v, sin 60° 


Solve these equations v, =| 1.73m/s Jandv, =| 1.00 m/s 


simultaneously to obtain: 


after the collision: 


(b) | Because the angle between V, and v, is 90°, the collision was elastic. 
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Picture the Problem Let the direction of motion of the object that is moving before the 
collision be the positive x direction. Applying conservation of momentum to the motion 
in both the x and y directions will lead us to two equations in the unknowns v, and @, that 
we can solve simultaneously. We can show that the collision was elastic by showing that 
the system’s kinetic energy before and after the collision is the same. 


(a) Use conservation of momentum Px = Prxs 
in the x direction to relate the or 
velocities of the collision 


3mv, = J5mv, cos 0, + 2mv, cos 8, 
participants before and after the 


ts or 
collision: 
av, = V5, cos 6, + 2v, cos 8, 
Use conservation of momentum in Pyi = Pye 
the y direction to obtain a second or 


equation relating the velocities of . . 
i . 0= J5mv, sin 8, — 2mv, sin 6, 


or 


0= J5v, sin 8, — 2v, sin 8, 


the collision participants before and 
after the collision: 


i = . 1 : 
Note that if tan@, = 2, then: cos, = — and sin@, = 


2. 
V5 V5 
sisal in the no 3y, = V5v, eo + 2v, cos0, 
equations to obtain: J5 
or 
Vy) =V, cos 8, 


and 
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Z ; 
0= J5v, JE 2v, sin 8, 
or 


0=Vv, —Vv, sin 8, 


Solve these equations Q, =tan'1= 
simultaneously for @, : 


Substitute to find v2: Vo Vo 
2 = = 5 = V2v, 
cos@, cos45 


(b) To show that the collision was K, = 1m(3v, = 4.5mv; 
elastic, find the before-collision and and 
after-collision kinetic energies: 2 
K, =4mlV5v,} +4(2m)(v2v,) 
= 4.5mv, 


Because K; = K,, the collision is elastic. | 


*QQ oe 
Picture the Problem Let the direction of motion of the ball that is moving before the 
collision be the positive x direction. Let v represent the velocity of the ball that is moving 
before the collision, v, its velocity after the collision and v2 the velocity of the initially-at- 
rest ball after the collision. We know that because the collision is elastic and the balls 
have the same mass, v; and v> are 90° apart. Applying conservation of momentum to the 
collision in both the x and y directions will lead us to two equations in the unknowns v, 
and v» that we can solve simultaneously. 


Noting that the angle of deflection Py = Pye 
for the recoiling ball is 60°, use or 
conservation of momentum in the x = 
mv = mv, cos30° + mv, cos 60° 


direction to relate the velocities of ae 


the collision participants before and 
a Vv =v, cos 30° + v, cos 60° 
after the collision: 


Use conservation of momentum in Pyi = Pye 
the y direction to obtain a second or 
equation relating the velocities of = : ° : ° 

aaa 60 0 = mv, sin 30° — mv, sin 60 
the collision participants before and 


ae or 
after the collision: 


0 =v, sin 30° —v, sin 60° 
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Solve these equations v, =| 8.66m/s Jandv, =| 5.00 m/s 


simultaneously to obtain: 
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Picture the Problem Choose the coordinate system shown in the diagram below with the 
x-axis the axis of initial approach of the first particle. Call V the speed of the target 
particle after the collision. In part (a) we can apply conservation of momentum in the x 
and y directions to obtain two equations that we can solve simultaneously for tan@. In part 
(b) we can use conservation of momentum in vector form and the elastic-collision 
equation to show that v = vocos@. 


XV 
(a) Apply conservation of Vv, =vcos¢+V cosé (1) 
momentum in the x direction to 
obtain: 
Apply conservation of momentum in vsing=Vsind (2) 
the y direction to obtain: 
Solve equation (1) for Vcos@: V cos@ =v, —vcos@ (3) 
Divide equation (2) by equation (3) Vsin@ vsin¢ 


to obtain: 


Vcos@ v,—vcos¢ 


(b) Apply conservation of 
momentum to obtain: 


Draw the vector diagram 
representing this equation: 


Use the definition of an elastic Vi=v+V" 
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collision to obtain: 


If this Pythagorean condition is to _ 

V=] V, COS 
hold, the third angle of the triangle 
must be a right angle and, using the 
definition of the cosine function: 


Center-of-Mass Frame 
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Picture the Problem The total kinetic energy of a system of particles is the sum of the 
kinetic energy of the center of mass and the kinetic energy relative to the center of mass. 


The kinetic energy of a particle of mass m is related to momentum according 
toK = p’/2m. 


Express the total kinetic energy of K=K,,+ Ka (1) 
the system: 
Relate the kinetic energy relative to K.- Pp; n P, a PD; (m, + m, ) 
the center of mass to the momenta : 2m, 2m, 2m,m, 
of the two particles: 
Express the kinetic energy of the a (2 P, : : 2p ‘ 
center of mass of the two particles: 2(m, " m,) m, +m, 
Substitute in equation (1) and K D, (m, +m, ) n 2 Dp; 
simplify to obtain: Imm, m, +m, 
2 2 2 
_ Pi LE + 6m,m, +m; 
2 2 
2 m,m, +m,m, 
In an elastic collision: K, = K; 
2, 2 2 
_| Pi E +6m,m, +m, | 
2 2 
2| mm,+mm, 
12 2 2 
_| Pi LE +6m,m, au 
2 2 
2 mm, +m,m; 
r r rane cid 2 ; 
Simplify to obtain: ( p,) = ( P,) =>| p, =p, 
and 


If p, =+p,, the particles do not collide. 
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Picture the Problem Let the numerals 3 and 1 denote the blocks whose masses are 3 kg 


and 1 kg respectively. We can use > mV, = MV.,, to find the velocity of the center-of- 


I 


mass of the system and simply follow the directions in the problem step by step. 


(a) Express the total momentum of 
this two-particle system in terms of 
the velocity of its center of mass: 


Solve for Von: 


Substitute numerical values and 
evaluate V.,,: 


(b) Find the velocity of the 3-kg 
block in the center of mass reference 
frame: 


Find the velocity of the 1-kg block 
in the center of mass reference 
frame: 


(c) Express the after-collision 
velocities of both blocks in the 
center of mass reference frame: 


(d) Transform the after-collision 
velocity of the 3-kg block from the 
center of mass reference frame to the 
original reference frame: 


Transform the after-collision velocity 
of the 1-kg block from the center of 
mass reference frame to the original 
reference frame: 


(e) Express K; in the original frame of 


P= ny = mv, +mM,V, 
i 


= Mv. = (m, + Mm, Wem 


s m,V., + mV, 
cn 


m, +m, 


_ Gkg)(—5Sm/s)i + (1kg)(3m/s)i 
o 3kg +1kg 


(—3.00m/s)i 


ii, = ¥,—V.,, = (—5m/s)i -(-3m/s)i 
=| (—2.00m/s)i 


U, =V,—Ven = (3m/s)i —(—3m/s)i 


=| (6.00m/s)i 


ii, =| (2.00m/s)i 


ii, =| (-6.00m/s)i 


¥, =u,+Vv,, =(2m/s)i +(—3m/s)i 


=| (-1.00m/s)i 


V, =u, +V.,, = (-6m/s)i +(—3m/s)i 
=| (-9.00m/s)i 


—1 241 2 
K. =7M,V3 +> MV, 


1 
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reference: 


Substitute numerical values and 
evaluate K;: 


Express K; in the original frame of 
reference: 


Substitute numerical values and 
evaluate Kg: 


103. es 


K, =4|(3kg)(1m/s) + (1kg)(9mvs) | 
=| 42.0) 


Picture the Problem Let the numerals 3 and 1 denote the blocks whose masses are 3 kg 


and 1 kg respectively. We can use 2 m,V; = Mv.,, to find the velocity of the center-of- 


I 


mass of the system and simply follow the directions in the problem step by step. 


(a) Express the total momentum of 
this two-particle system in terms of 
the velocity of its center of mass: 


Solve for V,,,: 


Substitute numerical values and 
evaluate V,,,: 


(b) Find the velocity of the 3-kg 
block in the center of mass reference 
frame: 


Find the velocity of the 5-kg block in 
the center of mass reference frame: 


(c) Express the after-collision 
velocities of both blocks in the 
center of mass reference frame: 


P= yim, = M,V, + M.V. 
i 


= Mv... = (m, + Ms )Verm 


= Mm,V3 + mV. 
cm 


m, + M,; 


‘ (3kg)(—5m/s)i +(Skg)(3m/s)i 


= 3kg+5kg 


i, = V,—V.,. = (3m/s)i -0 


and 
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u, =| 0.75m/s 
(d) Transform the after-collision Vv, =U,+V... = (5 m/s)i +0 
velocity of the 3-kg block from the 7 (6 j i 
center of mass reference frame to the = Aer 
original reference frame: 
Transform the after-collision ¥, =U, +V., = (- 3m/s) i+0 
velocity of the 5-kg block from the _ [Cams)i | 
center of mass reference frame to the “EN a 
original reference frame: 
(e) Express K; in the original frame K, =4m,v; +4m.v: 
of reference: 
Substitute numerical values and K,= 1l(akg)(5 m/s) + (5 kg)(3 m/s)’ | 
evaluate K;: 

=| 60.0J 

Express K; in the original frame of K, =4mv'j +imyv'; 


reference: 


Substitute numerical values and evaluate K;: 


K, =4[(8kg)(5mis)’ +(5kg)(3mis)’ |= 60.0J 


Systems With Continuously Varying Mass: Rocket Propulsion 


104 
Picture the Problem The thrust of a rocket F';, depends on the burn rate of its fuel dm/dt 
and the relative speed of its exhaust gases u,x according to F,, = \dm/ dt\u,, - 


Using its definition, relate the _|dm 
rocket’s thrust to the relative speed | dt 


ex 


of its exhaust gases: 


Substitute numerical values and F,, = (200kg/s)(6km/s) = | 1.20 MN 
evaluate Fy: 
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Picture the Problem The thrust of a rocket F,, depends on the burn rate of its fuel dm/dt 
and the relative speed of its exhaust gases u,, according to F,, = |dm/ dt\u,, . The final 


velocity v; of a rocket depends on the relative speed of its exhaust gases u,x, its payload 
to initial mass ratio m;/mpo and its burn time according tov, = —u,, In(m, /m, )- gt,- 


(a) Using its definition, relate the 


rocket’s thrust to the relative speed 
of its exhaust gases: 


Substitute numerical values and F,, = (200kg/s)(1.8km/s) =| 360kN 


evaluate Fy: 


(b) Relate the time to burnout to the £ = Mut 0.8m, 
mass of the fuel and its burn rate: > dm/dt = dm/dt 


Substitute numerical values and — 0.8(30,000 kg) = 


evaluate t,: 200 kg/s 
(c) Relate the final velocity of a m, 

Cae Vv; =—u,, In| — |- gt, 
rocket to its initial mass, exhaust meee 


velocity, and burn time: 


Substitute numerical values and evaluate vs: 


v, =-(1.8 kin) (9.81m/s?)(120s) = 


*106 

Picture the Problem We can use the dimensions of thrust, burn rate, and acceleration to 
show that the dimension of specific impulse is time. Combining the definitions of rocket 
thrust and specific impulse will lead us tou,, = gl, . 


(a) Express the dimension of M-L 

specific impulse in terms of the EF 2 

dimensions of F,, R, and g: lr. - el = _ L = [T | 
Te 

(b) From the definition of rocket F,, = Ru,, 

thrust we have: 

Solve for Uex: F,, 
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Substitute for F, to obtain: 


(c) Solve equation (1) for I, and 
substitute for u,, to obtain: 


From Example 8-21 we have: 


Substitute numerical values and 
evaluate I,,: 


#107 oe 


Rgl, 
Ux = R : = gl. (1) 
_— F, 
sp Rg 


R= 1.384x10* kg/s and Fy, = 3.4x10° N 


_ 3.4x10° N 
© (1:38410" kg/s)(9.81m/s’) 


-[Bi5] 


I 


Picture the Problem We can use the rocket equation and the definition of rocket thrust 
to show thatt, =1+a, / g . In part (b) we can express the burn time ¢, in terms of the 


initial and final masses of the rocket and the rate at which the fuel burns, and then use 
this equation to express the rocket’s final velocity in terms of I,,, 7, and the mass ratio 
mo/ms. In part (d) we’ll need to use trial-and-error methods or a graphing calculator to 
solve the transcendental equation giving v; as a function of mo/m,. 


(a) Express the rocket equation: 


From the definition of rocket thrust 
we have: 


Substitute to obtain: 


Solve for F,, at takeoff: 


Divide both sides of this equation by 
mog to obtain: 


Because T, = F,, /(™mg): 


(b) Use equation 8-42 to express the 
final speed of a rocket that starts 
from rest with mass mp: 


Express the burn time in terms of the 
burn rate R (assumed constant): 


—mg + Ru,, =ma 


Fa = Ru,, 


—mg+F,, =ma 


Fy, = mg +m,q, 


m 
Vp = Ux In— - gt,, (1) 
f 
where t, is the burn time. 


ee ae | 


Mo 
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Multiply ¢, by one in the form gT/gT 
and simplify to obtain: 


Substitute in equation (1): 


From Problem 32 we have: 


Substitute and factor to obtain: 


Ux a gl, 2; 
where Ue is the exhaust velocity of the 
propellant. 


m, gf, 
v, = gl, In 7m : i. c 
f 0 


(c) A spreadsheet program to calculate the final velocity of the rocket as a function of the 
mass ratio mo/m; is shown below. The constants used in the velocity function and the 
formulas used to calculate the final velocity are as follows: 


Cell Content/Formula Algebraic Form 

Bl 250 I, 

B2 9.81 g 

B3 2 T 

D9 D8 + 0.25 Mo/m; 

E8 $B$2*$B$1*(LOG(D8) — 1 | apf Mm \_2{4_ 2 

(1/$B$3)*(1/D8)) D's {| | mt 

A B Cc D E 

1 | Isp=| 250 | s 

2 g =| 9.81 | m/sA2 

3 | tau= | 2 

4 

) 

6 

7 mass ratio vf 

8 2.00 1.252E+02 

9 2.25 3.187E+02 
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10 2.50 4.854E+02 
11 2.75 6.316E+02 
12 3.00 7.614E+02 
36 9.00 2.204E+03 
37 9.25 2.237E+03 
38 9.50 2.269E+03 
39 9.75 2.300E+03 
40 10.00 2.330E+03 
41 725.00 | 7.013E+03 


A graph of final velocity as a function of mass ratio is shown below. 


Ve (km/s) 


2 4 6 8 10 


m/m s 


(d) Substitute the data given in part (c) in the equation derived in part (b) to obtain: 


7km/s = (o.ums")asos|n™—3f 1-4) 


Me Mo 
or 
0.5 
2.854 = In x —0.5+— where x = mo/m. 

x 
Use trial-and-error methods or a 

X=] 28.1], 
graphing calculator to solve this [28.1], 
transcendental equation for the root a value considerably larger than the 
greater than 1: practical limit of 10 for single-stage 

rockets. 
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Picture the Problem We can use the velocity-at-burnout equation from Problem 106 to 
find v; and constant-acceleration equations to approximate the maximum height the 
rocket will reach and its total flight time. 


(a) Assuming constant acceleration, h=1dat? (1) 
. : 29g 
relate the maximum height reached 
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by the model rocket to its time-to- 
top-of-trajectory: 


From Problem 106 we have: 
1 
v, = gI,,| In Mo te 
: i ee os 
Evaluate the velocity at burnout v5 Vv, = (9.81m/s (200 s) 


for I,, = 100 s, mo/m; = 1.2, and 


T= 5: «| nt.2)-2(1-5 


=146m/s 
Assuming that the time for the fuel V; 146m/s 
to burn up is short compared to the lop = = 981m/s2 81m/s? =14.9s 
total flight time, find the time to the g ; 
top of the trajectory: 
Substitute in equation (1) and h-1 1m/s?\(14.9s =| 1.09k 
evaluate h: 2 (0.8 : XK 9s) |1.09km | 
the time it took the rocket to reach fight me ( ; s) = 
its maximum height: 
(c) Express ene evaluate the fuel 7 Lg _m,\_ 100s 7 a 
burn time t,: t, = 1 =——| 1 

iE My a 1.2 
=3.33s 


Because this burn time is approximately 1/5 of the total flight time, we can't 
expect the answer we obtained in Part (b) to be very accurate. It should, 
however, be good to about 30% accuracy, as the maximum distance 


the model rocket could possibly move in this time is + vt, = 243 m, assuming 


constant acceleration until burnout. 


General Problems 
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Picture the Problem Let the direction of motion of the 250-g car before the collision be 
the positive x direction. Let the numeral 1 refer to the 250-kg car, the numeral 2 refer to 
the 400-kg car, and V represent the velocity of the linked cars. Let the system include 
the earth and the cars. We can use conservation of momentum to find their speed after 
they have linked together and the definition of kinetic energy to find their initial and 
final kinetic energies. 
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Use conservation of momentum to Pix = Dex 
relate the speeds of the cars or 
immediately before and immediatel = 
y y mV, (m, a mM), \v 


after their collision: 


Solve for V: va 
m, +m, 
Substitute numerical values and Ve (0.250 kg)(0.50 m/s) _10.192m/s 
evaluate V: 0.250 kg + 0.400kg 
Find the initial kinetic energy of the K,= imy; = 4(0.250 kg)(0.50 m/s)’ 
= =| 31.3mJ 
Find the final kinetic energy of the K, = 1(m, +m, \v? 
coupled cars: = 1(0.250kg + 0.400kg)(0.192 m/s)’ 


I 
—_— 
™ 
oO 
B 

a 
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Picture the Problem Let the direction of motion of the 250-g car before the collision be 
the positive x direction. Let the numeral 1 refer to the 250-kg car and the numeral 2 refer 
to the 400-g car and the system include the earth and the cars. We can use conservation 
of momentum to find their speed after they have linked together and the definition of 
kinetic energy to find their initial and final kinetic energies. 


(a) Express and evaluate the initial K, = imy; = 14(0.250 kg)(0.50 m/s)" 
kinetic energy of the cars: -|31.3mJ 
(b) Relate the velocity of the center P= ~ mV, = MV on 
of mass to the total momentum of : 
the system: 
Solve for Vem: y SI + MV, 
“ m, +m, 
Substitute numerical values and fe i (0.250kg)(0.50m/s) ~ 0.192 m/s 


evaluate Vom! ™ ~~ 0.250kg + 0.400 kg 
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Find the initial velocity of the 250-g 
car relative to the velocity of the 
center of mass: 


Find the initial velocity of the 400-g 
car relative to the velocity of the 
center of mass: 


Express the initial kinetic energy of 
the system relative to the center of 
mass: 


Substitute numerical values and 
evaluate Kj rer: 


(c) Express the kinetic energy of the 
center of mass: 


Substitute numerical values and 
evaluate Ken: 


(d) Relate the initial kinetic energy of 
the system to its initial kinetic energy 
relative to the center of mass and the 
kinetic energy of the center of mass: 
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U, =V, Ve, = 0.50m/s —0.192m/s 


- [030805] 


u, =V, —V., = 0m/s —0.192 m/s 


- [oma] 


1 2 1 2 
K 7 Mu, +7M,U, 


irel ~~ 


K,. = +(0.250kg)(0.308m/s)’ 


+4(0.400kg)(— 0.192 m/s)’ 


-[1520i) 


i,rel 


K., = 4+(0.650kg)(0.192 m/s)” 


cm 


-[12.0n) 


K, = Kosa a Ks 
=19.2mJ+12.0mJ 
= 31.2mJ 


| K, =K, + Ken 


irel 


Picture the Problem Let the direction the 4-kg fish is swimming be the positive x 


direction and the system include the fish, the water, and the earth. The velocity of the 


larger fish immediately after its lunch is the velocity of the center of mass in this 


perfectly inelastic collision. 


Relate the velocity of the center of 
mass to the total momentum of the 
system: 


P=)' mv, =mv 


i cm 
i 
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Solve for Vem! 


Substitute numerical values and 
evaluate Von: 


112 « 


_ MV, —™M, 2V1 2 
cm 


m,+M, >, 


_ (4kg)(1.5m/s)—(1.2kg) (3m/s) 
- 4kg+1.2kg 


- [825] 


Picture the Problem Let the direction the 3-kg block is moving be the positive x 


direction and include both blocks and the earth in the system. The total kinetic energy of 


the two-block system is the sum of the kinetic energies of the blocks. We can relate the 


momentum of the system to the velocity of its center of mass and use this relationship to 


find V.. Finally, we can use the definition of kinetic energy to find the kinetic energy 


relative to the center of mass. 


(a) Express the total kinetic energy 
of the system in terms of the kinetic 
energy of the blocks: 


Substitute numerical values and 
evaluate Kyo: 


(b) Relate the velocity of the center 
of mass to the total momentum of 
the system: 


Solve for Vem: 


Substitute numerical values and 
evaluate Von: 


(c) Find the center of mass kinetic 
energy from the velocity of the 
center of mass: 


ail 2 1 2 
Rigi => M,V3 +7 MGV, 


_ MV, + MeVg 
m, +m, 


_ (8kg)(6m/s)+ (6kg)(3m/s) 
we 3kg + 6kg 


4.00 m/s 


K., =+Mv2, =4(9kg)(4m/s) 


-([7207 
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(d) Relate the initial kinetic energy Kya = Kr — Ken 

of the system to its initial kinetic = 81.0J—72.0J 
energy relative to the center of mass _lT900) 

and the kinetic energy of the center 

of mass: 
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Picture the Problem Let east be the positive x direction and north the positive y 
direction. Include both cars and the earth in the system and let the numeral 1 denote the 
1500-kg car and the numeral 2 the 2000-kg car. Because the net external force acting on 
the system is zero, momentum is conserved in this perfectly inelastic collision. 


(a) Express the total momentum of the P= Pp, + p, =My,+m,v, 


system: =my,j —myv,i 


Substitute numerical values and evaluate p: 


A 
e 


p = (1500kg)(70 km/h) j — (2000kg)(55km/h)i 
=| —(1.10%10° kg- km/h) 7+ (1.05x10° kg: km/h)j 


(b) Express the velocity of the 
wreckage in terms of the total 
momentum of the system: 


Substitute numerical values and evaluate v, : 


(1.10%10° kg-km/h) i, (1.05%10° kg - kmn/h)j 


Vv. = 
j 1500 kg + 2000 kg 1500 kg + 2000 kg 
=—~(31.4km/h) i +(30.0km/h)j 
Find the magnitude of the velocity Vv, = (31. 4 km/h} + (30. 0k m/h) 
of the wreckage: [43.4kmih | 
=| 43.4km/h 

Find the direction of the velocity of Amie 30.0 km/h _-43.7° 
the wreckage: 7 —31.4km/h | 


The direction of the wreckage is 
46.3° west of north. 
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Picture the Problem Take the origin to be at the initial position of the right-hand end of 
raft and let the positive x direction be to the left. Let "w” denote the woman and "r” the 
raft, d be the distance of the end of the raft from the pier after the woman has walked to 
its front. The raft moves to the left as the woman moves to the right; with the center of 
mass of the woman-raft system remaining fixed (because Fext net = 0). The diagram shows 
the initial (x,,;) and final (x,,..) positions of the woman as well as the initial (x, ¢mi) and 
final (x, cm) positions of the center of mass of the raft both before and after the woman 
has walked to the front of the raft. 


(a) Express the distance of the raft d=0.5m+ Xew (1) 
from the pier after the woman has 
walked to the front of the raft: 


Express Xcm before the woman has a M,Xy ji + IM.X, om,i 

walked to the front of the raft: me m, +m, 

Express Xcm after the woman has oe as MyXye +IMX, ome 

walked to the front of the raft: = m, +m, 

Because Fext net = 0, the center of MyXwi + IM: omi = My Xw FIM, ome 


mass remains fixed and we can 
equate these two expressions for Xen 


to obtain: 
Solve for xX, ¢: m, ( ) 
Xw ~~ Xwi = xX. om ~ Yomi 
Mm, 
From the figure it can be seen that ee My, Xy i 
w,f 


Xr em — Xr_emi = Xwf. Substitute Xw.¢ 
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for X; cm — Xr_cmi and to obtain: 


Substitute numerical values and 
evaluate x, ¢: 


Substitute in equation (1) to obtain: 


(b) Express the total kinetic energy 
of the system: 


Noting that the elapsed time is 2 s, 
find v,, and v,: 


Substitute numerical values and 
evaluate K,,t: 


Evaluate K with the raft tied to the 
pier: 


(c) | assuming she stops via static friction, the kinetic energy is transformed into 


her internal energy. 


wf 


_ (60kg)(6m) 


60kg +120kg 


= 2.00m 


d =2.00m+0.5m =| 2.50m 


Vv 


WwW 


Xwit ~ Xi = 2m—6m 


At 2S 


relative to the dock, and 


Vv 


r 


At 2S 


also relative to the dock. 


K 


K 


tol 


tol 


, = £(60kg)(- 2m/s)’ 


+4(120kg)(1m/s)’ 


XX; _ 2.50m—0.5m _ 


2m/s 


1m/s, 


, = FMV = +(60kg\3m/s) 


270J 


All the kinetic energy derives from the chemical energy of the woman and, 


(d 


— 


After the shot leaves the woman's hand, the raft - woman system constitutes 
an inertial reference frame. In that frame the shot has the same initial 
velocity as did the shot that had a range of 6 m in the reference frame of 
the land. Thus, in the raft - woman frame, the shot also has a range of 6m 
and lands at the front of the raft. 
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Picture the Problem Let the zero of gravitational potential energy be at the elevation of 


the 1-kg block. We can use conservation of energy to find the speed of the bob just 


before its perfectly elastic collision with the block and conservation of momentum to 


find the speed of the block immediately after the collision. We’ll apply Newton’s 2" law 


to find the acceleration of the sliding block and use a constant-acceleration equation to 


find how far it slides before coming to rest. 


(a) Use conservation of energy to 
find the speed of the bob just before 
its collision with the block: 


Because K, = U; = 0: 


Substitute numerical values and 
evaluate Vpaui: 


Because the collision is perfectly 
elastic and the ball and block have 
the same mass: 


(b) Using a constant-acceleration 
equation, relate the displacement of 
the block to its acceleration and 
initial speed and solve for its 
displacement: 


Apply iF = mato the sliding 
block: 


Using the definition of fi (44Fn) 
eliminate f, and F, between the two 
equations and solve for dptock: 


Substitute for ajjo, to obtain: 


AK +AU =0 
or 
K, —K, +U, -U, =0 


1 2 = 
TMyaVoan + MynGAh = 0 


and 


Vyan = ¥2gAh 


Van = 2(9.81m/s)(2m)= 6.26 m/s 


Vilock = Vba =| 6-26m/s 


2.2 
Ve =V;, + 2d oAX 
Since v, = 0, 


2 
TVi Vb lock 


2 Aytock 2 Obock 


dF, =— fe = MAyo 
and 


aes =F Mio =0 


yiock = “HKG 


2 2 
— ~Volock _ Vblock 


—-2u.9 24,9 
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Substitute numerical values and (6.26 m/s)’ 
evaluate Ax: es 2(0.1)(9.81m/s?) ve) 
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Picture the Problem We can use conservation of momentum in the horizontal direction 
to find the recoil velocity of the car along the track after the firing. Because the shell will 
neither rise as high nor be moving as fast at the top of its trajectory as it would be in the 
absence of air friction, we can apply the work-energy theorem to find the amount of 
thermal energy produced by the air friction. 


No. The vertical reaction force of the rails is an external force and so 


the momentum of the system will not be conserved. 


(b) Use conservation of momentum Ap, =9 
in the horizontal (x) direction to or 
obtain: mv cos30° — Mv,,.,, = 0 
Solve for and evaluate Vyecoit: _ mvcos30° 

Viscoily > pene = 

M 
Substitute numerical values and 7 (200 kg)(125 m/s)cos30° 
evaluate Vyecoil: a 5000 kg 
=| 4.33m/s 

(c) Using the work-energy theorem, Waa =W,; = AE, = AU + AK 


relate the thermal energy produced 
by air friction to the change in the 
energy of the system: 


_ il 21 2 
= mgy; —mgy, + 7MVv, — > MV; 


=mg(y; —y,)+4mlv? -v?) 


Substitute for AU and AK to obtain: W. 


ext 


Substitute numerical values and evaluate Wext: 


W.. = (200kg)(9.81m/s?)(180m)+ 4(200kg)|(80 m/s) - (125m/s)' |= 
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Picture the Problem Because this is a perfectly inelastic collision, the velocity of the 
block after the collision is the same as the velocity of the center of mass before the 
collision. The distance the block travels before hitting the floor is the product of its 
velocity and the time required to fall 0.8 m; which we can find using a constant- 
acceleration equation. 


Relate the distance D to the velocity D=v,,,At 
of the center of mass and the time for 
the block to fall to the floor: 


Relate the velocity of the center of P= y mV, = MV. 
mass to the total momentum of the : 
system and solve for Vem: and 
y= MoutterM butter F MotockVitock 

Myuttet oF Mylock 
Substitute numerical values and a (0.015 kg)(500 m/s) -920m/s 
evaluate Vem: 0.015kg+0.8k¢ 
Using a constant-acceleration Ay =v,At + ta(aty 
equation, find the time for the block 

_o Are [2A 
to fall to the floor: Because v, =0, At = 9 
Substitute to obtain: D 2Ay 
cm g 


Substitute numerical values and 


2(0.8m) 
evaluate D: D =(9.20m/s) Sonim 
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Picture the Problem Let the direction the particle whose mass is m is moving initially 
be the positive x direction and the direction the particle whose mass is 4m is moving 
initially be the negative y direction. We can determine the impulse delivered by F and, 
hence, the change in the momentum of the system from the change in the momentum of 
the particle whose mass is m. Knowing Ap, we can express the final momentum of the 


particle whose mass is 4m and solve for its final velocity. 


Express the impulse delivered by the I-FT-=- Ap = DP; — B, 


force F : = m(4v)i —mvi =3mvi 
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Express p’,,, : 


Solve for v': 
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Picture the Problem Let the numeral 1 
refer to the basketball and the numeral 2 to 
the baseball. The left-hand side of the 
diagram shows the balls after the 
basketball’s elastic collision with the floor 
and just before they collide. The right-hand 
side of the diagram shows the balls just 
after their collision. We can apply 
conservation of momentum and the 
definition of an elastic collision to obtain 
equations relating the initial and final 
velocities of the masses of the colliding 
objects that we can solve for v;; and V2. 


(a) Because both balls are in free- 
fall, and both are in the air for the 
same amount of time, they have the 
same velocity just before the 
basketball rebounds. After the 
basketball rebounds elastically, its 
velocity will have the same 
magnitude, but the opposite 
direction than just before it hit the 
ground. 


(b) Apply conservation of 
momentum to the collision of the 
balls to obtain: 


Relate the initial and final kinetic 
energies of the balls in their elastic 


collision: 


Rearrange this equation and factor 
to obtain: 


Rearrange equation (1) to obtain: 


Divide equation (2) by equation (3) 
to obtain: 


P' am = Amv' = Pn (0)+ Ap 


= —4mv j +3mvi 


sy liege aS 
v' =| 4vi-vj 


O55 


. V1 
Vv» 


1 
i 


v0; 


The velocity of the basketball will 
be equal in magnitude but opposite 
in direction to the velocity of the 
baseball. 


MVi_ +IMV5¢ = MV,; + MV, (1) 


1 2 1 2 _41 2 1 2 
7MVi_ a4 ZMyVo—, = 7 MV + 7M V5, 


2 2\_ 2 2 
mM) (v3, — Voi ) =m (v2 — Vie ) 
or 


my, (Vo. —Vyi)(Voe + V5) 


=m, (vi, Vie \(vp + Vie ) 


(2) 


mM, (Vor — Voi ) =m, (vi; — Vig ) (3) 


Vor + Vo, = Vii + Vig 
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Rearrange this equation to obtain 
equation (4): 


Multiply equation (4) by mz and add 
it to equation (1) to obtain: 


Solve for vi; to obtain: 


For m, = 3m, and vj; = v: 


(c) Multiply equation (4) by m, and 
subtract it from equation (1) to 
obtain: 


Solve for v2; to obtain: 


For m,; = 3m) and v4; = Vv: 


Vie — Vag = Voi — Vii (4) 


(m, +m, Mie = (m, —mM, Vi + 2M,V>, 


m—m 2m 
Vie i : 2 Vit 2 Voi 
m, +m, m, +m, 
or, because v3; = —Vi4i, 
m,—m 2m 
= 1 2 2 
Vie = Vii Vii 
m, +m, m, +m, 
_m,—3m, 
~ li 
m, +m, 
_ 3m, —3m, 0 
1 om 
3m, +m, 


ea 2m, y+ em 
Dts. ~ li 2i 
m,+m, m,+m, 
or, because v2; = —V4i, 
2m m,—-m 
1 2. ‘ls 
a Vii Vii 
m, +m, m,+m, 
_ 3m,-m, . 
a li 
m,+m, 
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Picture the Problem In Problem 119 
only two balls are dropped. They collide 
head on, each moving at speed v, and the 
collision is elastic. In this problem, as it 
did in Problem 119, the solution 
involves using the conservation of 
momentum equation 

MVyg + IMAVo¢ = MV, + MV9; 

and the elastic collision equation 

Vie — Vor = Voi — Vii» 

where the numeral 1 refers to the 
baseball, and the numeral 2 to the top 
ball. The diagram shows the balls just 
before and just after their collision. From 
Problem 119 we know that that v;,= 2v 
and v>; = -v. 


(a) Express the final speed vi; of the 
baseball as a function of its initial 
speed vj; and the initial speed of the 
top ball v2; (see Problem 78): 


Substitute for vj; and , v2; to obtain: 


Divide the numerator and 
denominator of each term by m, to 
introduce the mass ratio of the upper 
ball to the lower ball: 


Set the final speed of the baseball v1; 
equal to zero, let x represent the 
mass ratio m;/mp, and solve for x: 


(b) Apply the second of the two 
equations in Problem 78 to the 
collision between the top ball and 
the baseball: 


Substitute v;; = 2v and are given that 
Voi = —Vv to obtain: 


- V1,=0 
05; 
O71; 

m—-m 2m 

Vig = : Viet ; 2i 
m,+m, m,+m, 
m,—m, 2m, 

Vie = (2v)+ v) 
m,+m, m,+m, 
my ; 

m 

Vy = —2—(2v) + (-v) 
m, m, 

—+1 —+1 
m, m, 
x-1 2 
0=*~~(2v)+— _(-y) 
xt+1 xX4+1 

and 
m 1 

‘i ~ s ~ 
m, 2 

— 2m, m, —™ 

2f 2i 
m,+m, m, +m, 
= 2m, y) eee ) 
Vo¢ = Vv 7 
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In part (a) we showed that 
Mp» = 2m,. Substitute and simplify: 
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oe 2(2m, ) 2v) 2m, —™m, 
- m, + 2m, m, + 2m, 
mull, ) ul v=8v-ty 


Picture the Problem Let the direction the probe is moving after its elastic collision with 
Saturn be the positive direction. The probe gains kinetic energy at the expense of the 
kinetic energy of Saturn. We’ll relate the velocity of approach relative to the center of 


mass tO Uyec and then to v. 


(a) Relate the velocity of recession 
to the velocity of recession relative 
to the center of mass: 


Find the velocity of approach: 


Relate the relative velocity of 
approach to the relative velocity of 
recession for an elastic collision: 


Because Saturn is so much more 
massive than the space probe: 


Substitute and evaluate v: 


(b) Express the ratio of the final 
kinetic energy to the initial kinetic 
energy: 


Uu... + V 


rec cm 


Vv 


Upp = ~9-6 km/s —10.4 km/s 


= —20.0km/s 
Urec = —Uapp = 20.0 km/s 


rec 


Vv = 9.6km/s 


cm Veaturn 


V=U,.. + Von = 20 km/s + 9.6 km/s 


=| 29.6km/s 


2 
1 2 
K; = 3 MV... = Viec 
K, iMv; V, 


2 
_ 29.6km/s _Te10 
10.4km/s 


The energy comes from an immeasurably small slowing of Saturn. 
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Picture the Problem We can use the relationships P = cAm and AE = Amc’ to show 
that P = AE/c. We can then equate this expression with the change in momentum of the 


flashlight to find the latter’s final velocity. 
(a) Express the momentum of the 

mass lost (i.e., carried away by the 

light) by the flashlight: 

Relate the energy carried away by the 
light to the mass lost by the 

flashlight: 


Substitute to obtain: 


(b) Relate the final momentum of the 
flashlight to AE: 


Solve for v: 


Substitute numerical values and 
evaluate v: 
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P=cAm 
AE 
Am => 7 
Cc 
AE AE 
Pac =| 
Cc Cc 
AE 
—=Ap=mv 
Cc 
because the flashlight is initially at rest. 
AE 
v=— 
mc 


1.5x10°J 


(1.5kg)(2.998 x 10° m/s) 


= 3.33 x 10° m/s 


=| 3.33 «m/s 


Picture the Problem We can equate the change in momentum of the block to the 
momentum of the beam of light and relate the momentum of the beam of light to the 
mass converted to produce the beam. Combining these expressions will allow us to find 


the speed attained by the block. 
Relate the change in momentum of 
the block to the momentum of the 
beam: 

Express the momentum of the mass 
converted into a well-collimated 


beam of light: 


Substitute to obtain: 


Solve for v: 


(M —m)v =P 


beam 


because the block is initially at rest. 


Fe mc 

(M — m)v = mc 
mc 

Vr 
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Substitute numerical values and (0.00 1kg)(2.998 x 10°m /s) 
evaluate v: v= 
1kg —0.001kg 


=| 3.00 x 10° m/s 
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Picture the Problem Let the origin of the coordinate system be at the end of the boat at 
which your friend is sitting prior to changing places. If we let the system include you and 
your friend, the boat, the water and the earth, then Fx: ne = 0 and the center of mass is at 
the same location after you change places as it was before you shifted. 


Express the center of mass of the siege MyoatXpoat + MyouXyou + MX triena 
cn 


system prior to changing places: Mise PU 5 ON acs 


Xyou (mm, of Myou ) ay MX rien 


Mooat + Myou +m 


Substitute numerical values and — (2m)(60kg + 80kg)+(0)m 
simplify to obtain an expression for a 60kg+80kg+m 
Xcm in terms of m: 280kg-m 

~ 140kg +m 


Find the center of mass of the system after changing places: 


= Myoat*boat F MyouXyou of MX riend = (Moar m)(2 m+ 0.2 m) i Myou (+ 0.2 m) 


x 


cm 


Mpoat + Myou ba Meriend Mpoat + Myou +m Myoat + Myou +m 


Substitute numerical values and simplify to obtain: 


(60kg + m)(2m+0.2m) : (80kg)(+0.2m) _120kg-m+12kg-m 


= 60kg +80kg +m 60kg+80kg+m 140kg+m 
(2m)m+0.2mm+16kg-m 
140kg+m 
Because Fextnet = 0, X'on = Xen: - (160 ae 28) 
Equate the two expressions and (2 + 0.2) 


solve for m to obtain: 


Calculate the largest possible mass os (160 +28) -104kg 
for your friend: (2 = 0.2) 
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Calculate the smallest possible mass (160 — 28) 

m =—~———“kg =| 60.0k 
for your friend: (2 + 0.2) 60.0kg | 
125 ee 


Picture the Problem Let the system include the woman, both vehicles, and the earth. 
Then Fextnet = 0 and Gq, = 0. Include the mass of the man in the mass of the truck. We 
can use Newton’s 2" and 3" laws to find the acceleration of the truck and net force 
acting on both the car and the truck. 


(a) Relate the action and reaction forces Bo = Fy 
acting on the car and truck: or 
Moar A car = Meruck+woman4 truck 
Solve for the acceleration of the truck: a Mga Dear 
truck ~~ 


truck+woman 


Substitute numerical values and (800 kg) 1.2 m/s* ; 
evaluate Gpuck! Dirck = 1600kg =| 0.600 m/s 


(b) Apply Newton’s 2™ law to Bg = Mig Os 
either vehicle to obtain: 


Substitute numerical values and F,,, = (800 kg)(1.2 m/ s?) =| 960N 
evaluate Fret 


126 ° 

Picture the Problem Let the system include the block, the putty, and the earth. Then 
Fextnet = 0 and momentum is conserved in this perfectly inelastic collision. We’ll use 
conservation of momentum to relate the after-collision velocity of the block plus blob 
and conservation of energy to find their after-collision velocity. 


Noting that, because this is a D, = Ds 
perfectly elastic collision, the final or 
velocity of the block plus blob is the 


MV = Mv... 
velocity of the center of mass, use 


conservation of momentum to relate wheter i 
the velocity of the center of mass to 
the velocity of the glob before the 
collision: 
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Solve for vg) to obtain: 


Use conservation of energy to find 
the initial energy of the block plus 
glob: 


Use fi = 44Mg to eliminate f, and 
solve for Vem: 


Substitute numerical values and 
evaluate Vem! 


Substitute numerical values in 
equation (1) and evaluate vz): 


*127 


Vi. =—Van (1) 


AK +AU +W, =0 


Because AU = K; = 0, 
—4Mv,,, + f,.Ax =0 


Vim = 4 2(0.4)(9.81m/s? ](0.15m) 
=1.08m/s 
vy = 288+ 0-4K8 (1 OB mis) 
0.4kg 


=| 36.2 m/s 


Picture the Problem Let the direction the moving car was traveling before the collision 
be the positive x direction. Let the numeral 1 denote this car and the numeral 2 the car 
that is stopped at the stop sign and the system include both cars and the earth. We can 
use conservation of momentum to relate the speed of the initially-moving car to the 
speed of the meshed cars immediately after their perfectly inelastic collision and 


conservation of energy to find the initial speed of the meshed cars. 


Using conservation of momentum, 
relate the before-collision velocity to 
the after-collision velocity of the 
meshed cars: 


Solve for vj: 


Using conservation of energy, relate 
the initial kinetic energy of the 
meshed cars to the work done by 
friction in bringing them to a stop: 


Substitute for Ki and, using 
fc = Fn = Mg, eliminate fi, to 


Di = Ds 
or 


mV, = (m, +m, v 


AK + INE si scinah = 0 


or, because K¢ = 0 and AE thermal = fAS, 
—K, + f,As =0 


~1MV? + 1,MgAx =0 
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obtain: 


Solve for V: V =./2,gAx 
Substitute to obtain: 
v= fi. 985 


Substitute numerical values and evaluate vj: 


v, =|1+ & |, /2(0.92)(9.81m/s?)(0.76m) = 6.48m/s = 23.3km/h 
1 
1200kg 


The driver was not telling the truth. He was traveling at 23.3 km/h. 
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Picture the Problem Let the zero of gravitational potential energy be at the lowest point 
of the bob’s swing and note that the bob can swing either forward or backward after the 
collision. We’ll use both conservation of momentum and conservation of energy to 
relate the velocities of the bob and the block before and after their collision. 


Express the kinetic energy of the K = oe 
block in terms of its after-collision m "2m 
momentum: 
Solve for m to obtain: Pp. 
m=—- (1) 
2K. 
Use conservation of energy to relate AK +AU =0 
K,, to the change in the potential or, because K; = 0, 
energy of the bob: K, +U, -U, =0 
Solve for Km: KyH= UU, 


= m,,g[L(1— cos 6.)- L(l —cos 6; )I 
= m,.,9L[cos 0, — cos a. 


Substitute numerical values and evaluate K,,: 


K,, = (0.4kg)(9.81m/s?)(1.6m)[cos5.73° — cos53°] = 2.475 
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Use conservation of energy to find 


the velocity of the bob just before its 


collision with the block: 


Substitute numerical values and 
evaluate v: 


Use conservation of energy to find 
the velocity of the bob just after its 


collision with the block: 


Substitute for K; and U; to obtain: 


Solve for v’: 


Substitute numerical values and 
evaluate v’: 


Use conservation of momentum to 
relate p,, after the collision to the 
momentum of the bob just before 
and just after the collision: 


Solve for and evaluate p,,: 


Find the larger value for pm: 


Find the smaller value for p,,: 


Substitute in equation (1) to 
determine the two values for m: 


AK +AU =0 
or, because K; = U; = 0, 
K, -—U, =90 


-.4m,,V° —m,,,gL(1—cos 0, )=0 


or 


v= 2gL(1—cos 6.) 


v = /2(9.81m/s?)(1.6m)(1— cos53°) 
= 3.544m/s 


AK +AU =0 
or, because K; = Uj; = 0, 
—K,+U, =0 


—4m,,.v"+m,,,gL(1— cos 8, )= 0 


v= J2gL(1— cos 8, ) 


v'= ,/2(9.81m/s? )(1.6m)(1—cos5.73°) 
= 0.396 m/s 


DP, = Pe 
or 


= V 
MyopV = MyyV + Pn 


Pm = MyyV = MV! 
= (0.4kg)(3.544 m/s + 0.396 m/s) 
=1.418kg- m/s + 0.158kg- m/s 


D, =1.418kg-m/s + 0.158 kg - m/s 
=1.576kg- m/s 


D, =1.418kg - m/s — 0.158 kg - m/s 
=1.260kg- m/s 


(1.576kg- m/s)” 
2(2.47J) 


=| 0.503kg 
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or 


(1.260kg - m/s)” 
= =| 0.321k 
m 2(2.47 J) [0.321kg | 
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Picture the Problem Choose the zero of gravitational potential energy at the location 
of the spring’s maximum compression. Let the system include the spring, the blocks, 
and the earth. Then the net external force is zero as is work done against friction. We 
can use conservation of energy to relate the energy transformations taking place during 
the evolution of this system. 


Apply conservation of energy: AK +AU, +AU, =0 
Because AK = 0: AU, + AU, =0 
Express the change in the AU, =—mgAh — Mgxsin@ 


gravitational potential energy: 


Express the change in the potential AU, =5 kx? 
energy of the spring: 


Substitute to obtain: —mgAh — Mgxsin 6 + 4kx* =0 


Solve for M: “wa 1 kx? —mgAh : kx _ 2mAh 


gxsin 30° g x 


Relate Ah to the initial and rebound Ah = (4m — 2.56m)sin 30° = 0.720m 
positions of the block whose mass is 
m: 


Substitute numerical values and evaluate M: 


11x10°N/m)(0.04m) — 2(1kg)(0.72m) 
ue! =| 8.85kg 


9.81m/s” 0.04m 
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Picture the Problem By symmetry, xXcm = 0. Let obe the mass per unit area of the disk. 
The mass of the modified disk is the difference between the mass of the whole disk and 
the mass that has been removed. 
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Start with the definition of Yon: 


Express the mass of the complete disk: 


Express the mass of the material removed: 


Substitute and simplify to obtain: 


131° 


My; 


Yem = Fy = 


hole 
— Maisk Yaisk ~ MhoteY hole 
M— Mrole 
M =oA=ozrr 


Picture the Problem Let the horizontal axis by the y axis and the vertical axis the z 
axis. By symmetry, Xcm = Yem = 0. Let p be the mass per unit volume of the sphere. The 
mass of the modified sphere is the difference between the mass of the whole sphere and 


the mass that has been removed. 


Start with the definition of yon: 


Express the mass of the complete sphere: 


Express the mass of the material removed: 


Substitute and simplify to obtain: 
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cm 
M = Myole 
_ MeohereY sphere = Mote Y hole 
M Marge 


Picture the Problem In this elastic head-on collision, the kinetic energy of recoiling 
nucleus is the difference between the initial and final kinetic energies of the neutron. We 
can derive the indicated results by using both conservation of energy and conservation 
of momentum and writing the kinetic energies in terms of the momenta of the particles 


before and after the collision. 
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(a) Use conservation of energy to ps. _ ae x Dodie (1) 

relate the kinetic energies of the 2m 2m 2M 

particles before and after the 

collision: 

Apply conservation of momentum to Poi = Prot + Prucieus (2) 

obtain a second relationship between 

the initial and final momenta: 

Eliminate pj; in equation (1) using Pructeus $s Pructeus — Pri _ 0 (3) 

equation (2): 2M 2m m 

Use equation (3) to write p>, /2min PD. Prcteus(M +m)" (4) 
terms Of Dpucteus! 2m 8M *m 

Use equation (4) to express 4Mm 

K yucieus = Prucevs/2M in terms of cee CET * 
K;: 

(b) Relate the change in the kinetic BR eR scien 


energy of the neutron to the after- 
collision kinetic energy of the 
nucleus: 


Using equation (5), express the 
fraction of the energy lost in the 


collision: 


133° 
Picture the Problem Problem 132 (b) provides an expression for the fractional loss of 
energy per collision. 


(a) Using the result of Problem 132 K, _ K,,-AK (M —m 
(b), express the fractional loss of K E, (M +m 


energy per collision: 
Evaluate this fraction to obtain: Ky (12m = m) 


- = 0.716 
E, (12m+m) 


Express the kinetic energy of one Ky = 0.716” E, 
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neutron after N collisions: 


(b) Substitute for Ky: and Ep to 
obtain: 


Take the logarithm of both sides of 
the equation and solve for N: 
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0.716% =10° 


-8 
\iogo.rie * 


Picture the Problem We can relate the number of collisions needed to reduce the 
energy of a neutron from 2 MeV to 0.02 eV to the fractional energy loss per collision 


and solve the resulting exponential equation for N. 


(a) Using the result of Problem 132 
(b), express the fractional loss of 
energy per collision: 


Express the kinetic energy of one 
neutron after N collisions: 


Substitute for K,. and Ep to obtain: 


Take the logarithm of both sides of 
the equation and solve for N: 


(b) Proceed as in (a) to obtain: 


Express the kinetic energy of one 
neutron after N collisions: 


Substitute for K,, and Ey to obtain: 


Take the logarithm of both sides of 
the equation and solve for N: 


K, _ K,,—AK, _ K,,-0.63K,, 
K,, E) Ky 
= 0.37 
Ki. =| 0.37" £, 
0.37" =10° 
N= 8. ~|19 
log 0.37 


Ky _Ky—-AK, _ K,,—0.11K,, 
K,, E, K 
= 0.89 


ni 


0.89% =10° 
N= ag 158 
log 0.89 
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Picture the Problem Let 7 = M/L be the mass per unit length of the rope, the subscript 
1 refer to the portion of the rope that is being supported by the force F at any given time, 


and the subscript 2 refer to the rope that is still on the table at any given time. We can 


find the height h,,, of the center of mass as a function of time and then differentiate this 


expression twice to find the acceleration of the center of mass. 


(a) Apply the definition of the 
center of mass to obtain: 


From the definition of 2 we have: 
Aicm and hy om are given by : 


Substitute form, Ayem, and hom in 
equation (1) and simplify to obtain: 


(b) Differentiate h., twice to obtain 
dem: 


(c) Letting N represent the normal 
force that the table exerts on the 


rope, apply >, = ma.,, to the 


rope to obtain: 


Solve for F, substitute for a,,, and N 
to obtain: 


Use the definition of / again to 
obtain: 


h = mA, om + Myhy om (1) 
cm M 
Mm 
—_=—> m=—vt 
L vt 
Ay om = VE and hycm = 0 
[4 vo + mM, (0) v2 
i= = i 
M 2L 
2 2 
Ahn _f ¥ | _¥, 
dt 2L L 
and 
dh. v 
7 — dan =; — 
dt L 


F +N—Mg = Ma.,, 


F =Mg+Ma,,,-N 
2 


= Mg +M———m,g 
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Substitute for m2 and simplify: 


v [ “) v vt vvt 
F =Mg+M\——mM|1-“ |g =Ml 9 4°_-- 949 |= Mol 7-4" 
g L L g g L g L? g g 


L\ gt 
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Picture the Problem The free-body 
diagram shows the forces acting on the 
platform when the spring is partially 
compressed. The scale reading is the force 
the scale exerts on the platform and is 
represented on the FBD by F,. We can use 
Newton’s 2™ law to determine the scale 
reading in part (a). We’ll use both 
conservation of energy and momentum to 
obtain the scale reading when the ball 
collides inelastically with the cup. 


(a) Apply > F,, =ma, to the 
spring when it is compressed a 
distance d: 


Solve for F;: 


(b) Letting the zero of gravitational 
energy be at the initial elevation of 
the cup and v,; represent the velocity 
of the ball just before it hits the cup, 
use conservation of energy to find 
this velocity: 


Use conservation of momentum to 


F, 
° 
ed 
yr: pring 
E —M,g = Fal nasi =0 
F = mg Bs Foon on spring 
=m,g+kd 
m 
=m,gt i ) 
. k 


=|m,g+m,g =(m, +m, jg 


AK + AU, = 0 where K; =U, =0 
“.+m,Vv,, —mgh =0 


and 


Vii = ¥2gh 
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find the velocity of the center of 
mass: 


Apply conservation of energy to the 


collision to obtain: 


Substitute for v., and solve for kx’: 


Solve for x: 


From part (a): 


AK, + AU, =0 
or, with K; = U,; = 0, 
—4(m, +m. Ven + $kx® =0 


kx = (m, +m, ve, 
2 
=2gh(m, +m) ra 
b c 
_ 2ghm, 
 m, +m, 
2gh 
x=m 
° k(m, +m) 
F, =m,g + kx 
2gh 
EG, +m) 
=| g}m,+m zh 
7 : : : g(m, +m, ) 


(c) | Because the collision is inelastic, the ball never returns to its original height. 
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Picture the Problem Let the direction that astronaut 1 first throws the ball be the 
positive direction and let v, be the initial speed of the ball in the laboratory frame. Note 


that each collision is perfectly inelastic. We can apply conservation of momentum and 


the definition of the speed of the ball relative to the thrower to each of the perfectly 


inelastic collisions to express the final speeds of each astronaut after one throw and one 


catch. 


Use conservation of momentum to 
relate the speeds of astronaut 1 and 
the ball after the first throw: 


Relate the speed of the ball in the 
laboratory frame to its speed relative 


mv, +m,v, =0 (1) 


V=V,-Vi (2) 
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to astronaut 1: 


Eliminate v, between equations (1) 
and (2) and solve for v: 


Substitute equation (3) in equation 
(2) and solve for v,: 


Apply conservation of momentum to 
express the speed of astronaut 2 and 
the ball after the first catch: 


Solve for vy: 


Express v> in terms of v by 
substituting equation (4) in equation 


(6): 


Use conservation of momentum to 
express the speed of astronaut 2 and 
the ball after she throws the ball: 


Relate the speed of the ball in the 
laboratory frame to its speed relative 
to astronaut 2: 


Eliminate v,¢ between equations (8) 
and (9) and solve for v2¢: 


Substitute equation (10) in equation 
(9) and solve for Ve: 


Apply conservation of momentum to 
express the speed of astronaut 1 and 
the ball after she catches the ball: 


m 
v,=-—"_-_v 
m, +m, 
mee 
Ves v 
m, +m, 


0=m,v, =(m, +m, W, 


My 
v= V, 
m, +m, 
m m 
Vv, =—— ty 


m,+m, m, +m, 


(m, a m, V2 = MVoe + MzVo¢ 


Vc mp pos 
= 
‘ m, +m, m, +m, 


(m, +m, Mie = MVo-¢ + MV, 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


i (10) 


(11) 


(12) 
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Using equations (3) and (11), ee sies m,m, (2m, + m, ) 
eliminate vp; and v, in equation (12) i 


(m, +m, )°(m, +m, ) 


and solve for v5: 
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Picture the Problem We can use the definition of the center of mass of a system 
containing multiple objects to locate the center of mass of the earth—moon system. Any 
object external to the system will exert accelerating forces on the system. 


(a) Express the center of mass of the Mr.,, = yimr 
earth—moon system relative to the : 


center of the earth: or 
M, (0) rn Tee Mom 
m M etm, M .+mM, 
— Von 
—M 
£4] 
m,, 
Substitute numerical values and 3.84x10° km 
= ——__——— =| 4670k 
evaluate ron! Tom 81341 | 4670 km | 


Because this distance is less than the radius of the earth, the position of the 


center of mass of the earth — moon system is below the surface of the earth. 


(b) Any object not in the earth — moon system exerts forces on the system, 


e.g., the sun and other planets. 


(0) Because the sun exerts the dominant external force on the earth — moon 
Cc 
system, the acceleration of the system is toward the sun. 
(d) Because the center of mass is at d=2r,, = 2(4670 km) —| 9340km 
a fixed distance from the sun, the 


distance d moved by the earth in 
this time interval is: 
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Picture the Problem Let the numeral 2 refer to you and the numeral 1 to the water 
leaving the hose. Apply conservation of momentum to the system consisting of yourself, 
the water, and the earth and then differentiate this expression to relate your recoil 
acceleration to your mass, the speed of the water, and the rate at which the water is 
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leaving the hose. 


Use conservation of momentum to 
relate your recoil velocity to the 
velocity of the water leaving the 
hose: 


Differentiate this expression with 
respect to t: 


Because the acceleration of the 
water leaving the hose, aj, is zero ... 


_ dm, 
as is ae , the rate at which you are 
t 


losing mass: 


Substitute numerical values and 
evaluate do: 


#140 ve 


m +V =0 
“at | dt * dt ° dt 
or 
dm 
n.d, Vv —" + ma, +v, —— =0 
171 1 t 2 2 dt 
v, —+m,a, =0 
and 
_ v, dm, 
: m, dt 
30m/s 
- 2.4kg/ 
2 5k (2.4kg/s) 


=| —0.960 m/s” 


Picture the Problem Take the zero of gravitational potential energy to be at the elevation 


of the pan and let the system include the balance, the beads, and the earth. We can use 


conservation of energy to find the vertical component of the velocity of the beads as they 


hit the pan and then calculate the net downward force on the pan from Newton’s 2™ law. 


Use conservation of energy to relate 
the y component of the bead’s 
velocity as it hits the pan to its height 
of fall: 


Solve for vy: 


Substitute numerical values and 
evaluate vy: 


Express the change in momentum in the y 
direction per bead: 


AK +AU =0 

or, because K; = U; = 0, 
2 

zmv, —mgh =0 


v, = /2(9.81m/s?)(0.5m) = 3.13m/s 


Ap, = Py — Py =mv, -(- mv, )=2mv, 
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Use Newton’s 2” law to express the _N Ap 
net force in the y direction exerted nety At 
on the pan by the beads: 
Letting M represent the mass to be ieee Ap, 
placed on the other pan, equate its an At 
weight to the net force exerted by and 
the beads, substitute for Ap,, and N (2mv 
M =— * 
solve for M: At\ g 
Substitute numerical values and M =(100/s) [2(0.0005 kg)(3.13 m/s)| 
evaluate M: 9.81m/s7 
=| 31.9¢g 
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Picture the Problem Assume that the connecting rod goes halfway through both balls, 
i.e., the centers of mass of the balls are separated by L. Let the system include the 
dumbbell, the wall and floor, and the earth. Let the zero of gravitational potential be at 
the center of mass of the lower ball and use conservation of energy to relate the speeds of 
the balls to the potential energy of the system. By symmetry, the speeds will be equal 
when the angle with the vertical is 45°. 


Use conservation of energy to E, = E, 
express the relationship between the 

initial and final energies of the 

system: 


Express the initial energy of the E, =mgL 
system: 


Express the energy of the system E, = mgLsin 45° + 4(2m)v’ 


when the angle with the vertical is 
45°: 


Substitute to obtain: be at ode eye 


Solve for v: 
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Substitute numerical values and , 1 
evaluate v: - (9.81m/s IL mee 


= | (1.70 m/s WL | 
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Chapter 9 
Rotation 


Conceptual Problems 


*T e 

Determine the Concept Because r is greater for the point on the rim, it moves the 
greater distance. Both turn through the same angle. Because 7 is greater for the point on 
the rim, it has the greater speed. Both have the same angular velocity. Both have zero 
tangential acceleration. Both have zero angular acceleration. Because r is greater for the 
point on the rim, it has the greater centripetal acceleration. 


2 e 


1 
(a) False. Angular velocity has the dimensions =| whereas linear velocity has 


=| 
dimensions| — |}. 
T 


(6) True. The angular velocity of all points on the wheel is d@dt. 
(c) True. The angular acceleration of all points on the wheel is da/dt. 


3 ee 

Picture the Problem The constant-acceleration equation that relates the given variables 
is@? = an + 2aA0@. We can set up a proportion to determine the number of revolutions 
required to double @ and then subtract to find the number of additional revolutions to 
accelerate the disk to an angular speed of 2. 


Using a constant-acceleration @ = On + 2aA0 
equation, relate the initial and final or because w -(¢ 
angular vetoes to the angular @ =2aA0 
acceleration: 
Let A@o represent the number of wo = 2a6,, (1) 
revolutions required to reach an 
angular velocity a: 
Let A@,,, represent the number of (2) = 2aA6,,, (2) 
revolutions required to reach an 
angular velocity a: 
Divide equation (2) by equation (1 Aw) 
q (2) by eq (1) Ad, = 22) 06, = 480, 


and solve for A@},: 
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The number of additional revolutions is: 4A6,, — AO, = 3A0,, = 3(10rev) = 30 rev 


*4 oe 


_. | MP 
Determine the Concept Torque has the dimension oak 


ML 
7 
ML? 


T? 


(a) Impulse has the dimension] 


(b) is correct. | 


(6) Energy has the snenso) : 
ML 
(c) Momentum has the dimension ca : 
5 e 

Determine the Concept The moment of inertia of an object is the product of a constant 


that is characteristic of the object’s distribution of matter, the mass of the object, and the 
square of the distance from the object’s center of mass to the axis about which the object 


is rotating. Because both (b) and (c) are correct | (d) is correct. | 


*G rt 
Determine the Concept Yes. A net torque is required to change the rotational state of an 
object. In the absence of a net torque an object continues in whatever state of rotational 
motion it was at the instant the net torque became zero. 


7 ° 

Determine the Concept No. A net torque is required to change the rotational state of an 
object. A net torque may decrease the angular speed of an object. All we can say for sure 
is that a net torque will change the angular speed of an object. 


8 e 
(a) False. The net torque acting on an object determines the angular acceleration of the 
object. At any given instant, the angular velocity may have any value including zero. 


(6) True. The moment of inertia of a body is always dependent on one’s choice of an axis 


of rotation. 


(c) False. The moment of inertia of an object is the product of a constant that is 
characteristic of the object’s distribution of matter, the mass of the object, and the square 
of the distance from the object’s center of mass to the axis about which the object is 
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rotating. 
9 e 


Determine the Concept The angular acceleration of a rotating object is proportional to 
the net torque acting on it. The net torque is the product of the tangential force and its 


lever arm. 

Express the angular acceleration of we Fret Fd _ i d 
the disk as a function of the net I I I 
torque acting on it: ie., ad 

Because a « d , doubling d will (b) is correct. 


double the angular acceleration. 


*10 ° 
Determine the Concept From the parallel-axis theorem we know that 
T=] + Mh’, where I,m 1s the moment of inertia of the object with respect to an axis 


cm 


through its center of mass, M is the mass of the object, and A is the distance between the 


parallel axes. Therefore, / is always greater than I, by Mh’. | (d) is correct. 


11 

Determine the Concept The power delivered by the constant torque is the product of the 
torque and the angular velocity of the merry-go-round. Because the constant torque 
causes the merry-go-round to accelerate, neither the power input nor the angular velocity 


of the merry-go-round is constant. | (b) is correct. 


12 
Determine the Concept Let’s make the simplifying assumption that the object and the 


surface do not deform when they come into contact, 1.e., we’ll assume that the system is 
rigid. A force does no work if and only if it is perpendicular to the velocity of an object, 
and exerts no torque on an extended object if and only if it’s directed toward the center of 
the object. Because neither of these conditions is satisfied, the statement is false. 


13. 

Determine the Concept For a given applied force, this increases the torque about the 
hinges of the door, which increases the door’s angular acceleration, leading to the door 
being opened more quickly. It is clear that putting the knob far from the hinges means 
that the door can be opened with less effort (force). However, it also means that the hand 
on the knob must move through the greatest distance to open the door, so it may not be 
the quickest way to open the door. Also, if the knob were at the center of the door, you 
would have to walk around the door after opening it, assuming the door is opening 
toward you. 
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#14 
Determine the Concept If the wheel is rolling without slipping, a point at the top of the 
wheel moves with a speed twice that of the center of mass of the wheel, but the bottom of 


the wheel is momentarily at rest.| (c) is correct. 


15. ee 
Picture the Problem The kinetic energies of both objects is the sum of their translational 
and rotational kinetic energies. Their speed dependence will differ due to the differences 
in their moments of inertia. We can express the total kinetic of both objects and equate 
them to decide which of their translational speeds is greater. 


Express the kinetic energy of the Ky =7! Pea ef dmvin 
cylinder: 2 


a 
af [tigi | OC a hay 
=1(mr ee +zMV yy 


= 3 2 
~ 4 MV) 


. . a 2 1 2 
Express the kinetic energy of the Kon = 2! sph eon + 7 Vopr 
sphere: y2 
= Lf 2 sy? | PD diay 
= (2 mr ) 5 + aan 
r 
= 2 
10 ™V oon 
— ; fe 
Equate the kinetic energies and Veyt = 1sVeph < Vsph 


implify t tain: ; 
a and| (b) is correct. 


*16 

Determine the Concept You could spin the pipes about their center. The one which is 
easier to spin has its mass concentrated closer to the center of mass and, hence, has a 
smaller moment of inertia. 


17. 
Picture the Problem Because the coin and the ring begin from the same elevation, they 
will have the same kinetic energy at the bottom of the incline. The kinetic energies of 
both objects is the sum of their translational and rotational kinetic energies. Their speed 
dependence will differ due to the differences in their moments of inertia. We can express 
the total kinetic of both objects and equate them to their common potential energy loss to 
decide which of their translational speeds is greater at the bottom of the incline. 


Express the kinetic energy of the 
coin at the bottom of the incline: 


Express the kinetic energy of the 
ring at the bottom of the incline: 


Equate the kinetic of the coin to its 
change in potential energy as it 
rolled down the incline and solve for 


Veoin: 


Equate the kinetic of the ring to its 
change in potential energy as it 
rolled down the incline and solve for 


Vring: 


18 ° 
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44 2 
coin cyl®, coin + aM goin coin 
2 
Wes 
eee ee 2 \ "coin 1 2 
= am ) - +z MeoinY, 


coin coin 


2 
coin “coin 


K ving = 41 jinn O;ng +5 Mina Yo 


ring ring ~~ ring ring © ring 


V.. 
_ i 2 \ “ring 
=H imaggt ae A +> sm, v 


ring “ ring 


ring " ring 

3m,.V.,, =M,,,gh 
4°""coin” coin ~ “""coin & 
and 

2 _4 

coin ~ 3. & h 
Maing Ys ring = = Ming gh 
and 

2 _ 
Viing &§ h 


Therefore, V.,i, > Vingand (b) is 


coin 


correct. 


Picture the Problem We can use the definitions of the translational and rotational kinetic 


energies of the hoop and the moment of inertia of a hoop (ring) to express and compare 


the kinetic energies. 


Express the translational kinetic 
energy of the hoop: 


Express the rotational kinetic energy 
of the hoop: 


2 
K,.. =4mv 


trans 2 


Therefore, the translational and rotational 
kinetic energies are the same and 


(c) is correct. | 
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19 ee 

Picture the Problem We can use the definitions of the translational and rotational kinetic 
energies of the disk and the moment of inertia of a disk (cylinder) to express and compare 
the kinetic energies. 


Express the translational kinetic K swans = mv 

energy of the disk: 

Express the rotational kinetic energy a oe ( ie) 2 er 
of the disk: rot — 2+ hoop 75 Ss 


Therefore, the translational kinetic energy is 


greater and | (a) is correct. 


20. 
Picture the Problem Let us assume that f'# 0 and acts along the direction of motion. 
Now consider the acceleration of the center of mass and the angular acceleration about 
the point of contact with the plane. Because Fy, # 0, dem # 0. However, t = 0 because / 
=0,so a =0. But @ =0 is not consistent with a,,, # 0. Consequently, f= 0. 


21 
Determine the Concept True. If the sphere is slipping, then there is kinetic friction 
which dissipates the mechanical energy of the sphere. 


22 
Determine the Concept Because the ball is struck high enough to have topspin, the 
frictional force is forward; reducing w until the nonslip condition is satisfied. 


| (a) is correct. 


Estimation and Approximation 


23 we 
Picture the Problem Assume the wheels are hoops, i.e., neglect the mass of the spokes, 
and express the total kinetic energy of the bicycle and rider. Let M represent the mass of 
the rider, m the mass of the bicycle, m,, the mass of each bicycle wheel, and r the radius 

of the wheels. 


Express the ratio of the kinetic i K ves 
energy associated with the rotation K 7 Kk. +k. (1) 
of the wheels to that associated with tot trans Tot 


the total kinetic energy of the 
bicycle and rider: 
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Express the translational kinetic K 
energy of the bicycle and rider: 


=K es 


bicycle rider 


2 2 
=t}mv +4+Mv 


Express the rotational kinetic energy Ky = 2K or 1 wnee = a4 I o’) 
of the bicycle wheels: - rue es i‘ " 
= i _ 2 
=\|m,r° }-> =m,v 
r 
Substitute in equation (1) to obtain: 
ae _ mV" _ Mm, = 2 
Ki, +mv?+4+Mv?+m,v° tm++M+m, 4 m+M 
m,, 
Substitute numerical values and Ket 2 
et =—__—{ 5 =| 10.3% 
evaluate Krot/Ktot! Kx D4 14kg+38kg [10.3% | 
3kg 


24. 

Picture the Problem We can apply the definition of angular velocity to find the angular 
orientation of the slice of toast when it has fallen a distance of 0.5 m from the edge of the 
table. We can then interpret the orientation of the toast to decide whether it lands jelly- 
side up or down. 


Relate the angular orientation 0 of 0=60,+ At (1) 
the toast to its initial angular 

orientation, its angular velocity @, 

and time of fall At: 


Use the equation given in the = 
problem statement to find the o@ = 0.956,/ -————- = 9.47 rad/s 
angular velocity corresponding to 0.1m 

this length of toast: 


Using a constant-acceleration Ay =\,At+4a ( At) 
equation, relate the distance the i - 7 
toast falls Ay to its time of fall At: or, because _ = 0 and a, = g, 
Ay = }g(Av) 
Solve for At: oe 2Ay 
V8 
Substitute numerical values and 2(0 5 ) 
evaluate Ar: At = —— =0.319s 
\ 9.81 m/s 
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1/2 y (a 
ae J + cos 9, Substitute in equation (1) to 0= 2 F (9.47 rad/s)(0.3 19s) 
& 


find @: = 3.54radx = = 203° 
qwra 


The orientation of the slice of toast will therefore be at an angle of 203° 


with respect to the ground, i.e. with the jelly - side down. 


*25 ee 
Picture the Problem Assume that the mass of an average adult male is about 80 kg, and 
that we can model his body when he is standing straight up with his arms at his sides as a 
cylinder. From experience in men’s clothing stores, a man’s average waist circumference 
seems to be about 34 inches, and the average chest circumference about 42 inches. We’ll 
also assume that about 20% of the body’s mass is in the two arms, and each has a length 
L=1m, so that each arm has a mass of about m = 8 kg. 


Letting Jou: represent his moment of TI Po eT 
. . . . i out __ ody arms 1 
inertia with his arms straight out and eo 7 (1) 
J, his moment of inertia with his in in 
arms at his side, the ratio of these 
two moments of inertia is: 
Express the moment of inertia of the f-= 1 MR? 
. in 

"man as a cylinder”: 

ae . ; 
Express the moment of inertia of his Lonms = 2(£)m L 


arms: 


Express the moment of inertia of his 
body-less-arms: 


Substitute in equation (1) to obtain: Lon 1(M - m)R? a 2(t mL 
_ 2 
in + MR 
Assume the circumference of the 34in + 42in . 
cylinder to be the average of the Cay = 5) = 38in 
average waist circumference and the 
average chest circumference: 
Find the radius of a circle whose _ 2.54cem lm 
circumference is 38 in: 38in x 
; Ral a in 100cm 
21 20 
=0.154m 


Substitute numerical values and evaluate Jou:/ Lin! 
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vf 


out 


_ $(80kg-16kg)(0.154m)° +3 (8kg)(Imy 


=| 6.42 
ii 1(80kg)(0.154m) 


Angular Velocity and Angular Acceleration 


26° 

Picture the Problem The tangential and angular velocities of a particle moving in a 
circle are directly proportional. The number of revolutions made by the particle in a given 
time interval is proportional to both the time interval and its angular speed. 


(a) Relate the angular velocity of v=ro 
the particle to its speed along the 
circumference of the circle: 


: 25 m/ 

Solve for and evaluate a: ae La S_ 0.278 rad/s 
r 90m 
b) Using a constant-acceleration d 1 

oe AO = wt =| 0.278“* |(30s)| 
equation, relate the number of S In rad 
revolutions made by the particle in a 
given time interval to its angular ~ 
velocity: 
27 


Picture the Problem Because the angular acceleration is constant; we can find the 
various physical quantities called for in this problem by using constant-acceleration 


equations. 

(a) Using a constant-acceleration O=Q,+adt 

equation, relate the angular velocity or, when @ = 0, 

of the wheel to its angular o- at 

acceleration and the time it has been 

accelerating: 

Evaluate o when Ar= 6 s: O= (2.6raais” (6s)=| 15.6rad/s 
(b) Using another constant- A@ = @,At+ La(Ar y 


acceleration equation, relate the or, when @ = 0, 
angular displacement to the wheel’s dl 2 


angular acceleration and the time it 
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has been accelerating: 


Evaluate AO when At=6s: 


(c) Convert A@(6s) from rad to 


revolutions: 


(d) Relate the angular velocity of the 
particle to its tangential speed and 
evaluate the latter when 

At=6s: 


Relate the resultant acceleration of 
the point to its tangential and 
centripetal accelerations when 
At=6s: 


Substitute numerical values and 
evaluate a: 


*28 ° 


A@(6s)= 1(2.6rad/s”)(6s)° = 


lrev 
AO(6s) = 46.8 rad x i= 


v=ra =(0.3m)(15.6rad/s) =| 4.68m/s 


a= a +a. = (ray +(ro?) 


=rJa°+a° 


a=(03 m)y (2.6 rad/s”) + (15.6rad/s)* 


-[ Bonk 


Picture the Problem Because we’re assuming constant angular acceleration; we can find 


the various physical quantities called for in this problem by using constant-acceleration 


equations. 


(a) Using its definition, express the 
angular acceleration of the 
turntable: 


Substitute numerical values and 
evaluate a: 


AO O-® 
oS > 
At At 


0-334 rev  2etad . min 


min rev 60s 
26s 


=| 0.134 rad/s” 


a= 
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(6) Because the angular acceleration Cee +o 
is constant, the average angular = 2 
velocity is the average of its initial rev 2arad_ Imin 
234 x 
and final values: _ min rev 60s 
2 
=| 1.75 rad/s 
(c) Using the definition of ay, find AO = ,,At = (1.75rad/s)(26s) 
the number or revolutions the 1 
j = 45, Sradx —~— =| 7.24rev 
turntable makes before stopping: Qn rad 
29 


Picture the Problem Because the angular acceleration of the disk is constant, we can use 
a constant-acceleration equation to relate its angular velocity to its acceleration and the 
time it has been accelerating. We can find the tangential and centripetal accelerations 
from their relationships to the angular velocity and angular acceleration of the disk. 


(a) Using a constant-acceleration O=0,+adt 
equation, relate the angular velocity or, because @ = 0, 
of the disk to its angular a=adt 


acceleration and time during which 
it has been accelerating: 


Evaluate @ when t= 5 s: a(5 s) = (3 rad/s*)(5 s) = 


(b) Express a; in terms of a: a,=ra 
Evaluate a, when t= 5 s: a,(5s) =(0. 12m)(8rad/s”) 
=| 0.960m/s* 
Express a, in terms of @: a, =ra 
Evaluate a, when t= 5 s: a,(5s) = (0.12m)(40.0 rad/s)’ 


30 

Picture the Problem We can find the angular velocity of the Ferris wheel from its 
definition and the linear speed and centripetal acceleration of the passenger from the 
relationships between those quantities and the angular velocity of the Ferris wheel. 
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(a) Find @ from its definition: 


(5) Find the linear speed of the 
passenger from his/her angular speed: 


Find the passenger’s centripetal 
acceleration from his/her angular 


velocity: 


31 


A@ 2zrrad 
ar re oa =| 0.233 rad/s 


v =ro = (12m)(0.233 rad/s) 
=| 2.79 m/s 


a, =r@’ =(12m)(0.233rad/s) 
=| 0.651m/s 


Picture the Problem Because the angular acceleration of the wheels is constant, we can 


use constant-acceleration equations in rotational form to find their angular acceleration 


and their angular velocity at any given time. 


(a) Using a constant-acceleration 
equation, relate the angular 
displacement of the wheel to its 
angular acceleration and the time it 
has been accelerating: 


Solve for a: 


Substitute numerical values and 
evaluate a: 


(6) Using a constant-acceleration 
equation, relate the angular velocity 
of the wheel to its angular 
acceleration and the time it has been 
accelerating: 


Evaluate @ when At= 8 s: 


AO =a,Att+4a(At) 


or, because @ = 0, 


AO =1a(At)’ 
a = 248 
(ar) 


2(3 rev 2arad 


oo Lae 
S 


O=Q,+aAt 


or, when @ = 0, 
@ = aAt 


a(8s) = (0.589 rad/s”)(8 s)=| 4.71rad/s 
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32 
Picture the Problem The earth rotates through 27 radians every 24 hours. 


Find @ using its definition: A@ 2a rad 


O= = 
At s4anx 3600s 


=| 7.27x10° rad/s 


cai 

Picture the Problem When the angular acceleration of a wheel is constant, its average 
angular velocity is the average of its initial and final angular velocities. We can combine 
this relationship with the always applicable definition of angular velocity to find the 
initial angular velocity of the wheel. 


Express the average angular velocity _@,+@ 
of the wheel in terms of its initial and i 2 
final angular speeds: or, because w= 0, 

o., = 7% 
Express the definition of the average = AO 
angular velocity of the wheel: ae 

i 2A@  2(5rad 

Equate these two expressions and 0, = 7 ( ) = 9 S7-¢and 
solve for ap: At 2.88 


(d) is correct. 


34 

Picture the Problem The tangential and angular accelerations of the wheel are directly 
proportional to each other with the radius of the wheel as the proportionality constant. 
Provided there is no slippage, the acceleration of a point on the rim of the wheel is the 
same as the acceleration of the bicycle. We can use its defining equation to determine the 
acceleration of the bicycle. 


Relate the tangential acceleration of a=a,=ra 
a point on the wheel (equal to the and 
acceleration of the bicycle) to the a 

; : a=— 
wheel’s angular acceleration and r 


solve for its angular acceleration: 
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Use its definition to express the 
acceleration of the wheel: 


Substitute in the expression for @ to 
obtain: 


Substitute numerical values and 
evaluate a: 


#35 ee 


Av v-W 
a= — = Mm — 
At At 
or, because vp = 0, 
y 
a=— 
At 
v 
a=— 
rAt 
[248 1h Ga 
: h 3600s km 
(0.6m)(14.0s) 
=| 0.794 rad/s? 


Picture the Problem The two tapes will have the same tangential and angular velocities 


when the two reels are the same size, i.e., have the same area. We can calculate the 


tangential speed of the tape from its length and running time and relate the angular 


velocity to the constant tangential speed and the radius of the reels when they are turning 


with the same angular velocity. 


Relate the angular velocity of the 
tape to its tangential speed: 


Letting Ry represent the outer radius 
of the reel when the reels have the 
same area, express the condition 
that they have the same speed: 


Solve for R¢: 


Substitute numerical values and 
evaluate Rr 


Find the tangential speed of the tape 
from its length and running time: 


v 
o=— (1) 
r 
aR; -ar? =1(rR? —rr?) 
2 2 
R, = R’+r 


2 2 
a (45mm) + (12mm) 255 .Gxics 


: 746 , 100cm 
=—= Mm __ — 3.42 
y ie 3600s 3.42cm/s 
2hx—— 


Substitute in equation (1) and 
evaluate @: 


Convert 1.04 rad/s to rev/min: 
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y 3.42 cm/s 
o=— = 


Re 39 ommx 


- [Toma] 


Leteade sia 


s 2marad min 


10mm 


=| 9.93 rev/min 


Torque, Moment of Inertia, and Newton’s Second Law for 


Rotation 


36s 


Picture the Problem The force that the woman exerts through her axe, because it does 


not act at the axis of rotation, produces a net torque that changes (decreases) the angular 


velocity of the grindstone. 


(a) From the definition of angular 
acceleration we have: 


Substitute numerical values and 
evaluate a: 


(b) Use Newton’s 2™ law in 
rotational form to relate the angular 
acceleration of the grindstone to the 
net torque slowing it: 


Express the moment of inertia of 
disk with respect to its axis of 
rotation: 


_A@_ o-@ 


At At 
or, because w= 0, 
_ 
At 
730 - e 2a rad - 1 min 
min rev 60s 


9s 


=| —8.49 rad/s” 


where the minus sign means that the 
grindstone is slowing down. 
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Substitute to obtain: 


Substitute numerical values and 
evaluate Tet! 


*37 ° 


= Ml 
Tet = 7 MRa 


= 4(1.7kg)(0.08m) (8.49 rad/s”) 


=| 0.0462 N-m 


Th 


et 


Picture the Problem We can find the torque exerted by the 17-N force from the 


definition of torque. The angular acceleration resulting from this torque is related to the 


torque through Newton’s 2” law in rotational form. Once we know the angular 


acceleration, we can find the angular velocity of the cylinder as a function of time. 


(a) Calculate the torque from its 
definition: 


(b) Use Newton’s 2 law in 
rotational form to relate the 
acceleration resulting from this 
torque to the torque: 


Express the moment of inertia of the 
cylinder with respect to its axis of 
rotation: 

Substitute to obtain: 


Substitute numerical values and 
evaluate a: 


(c) Using a constant-acceleration 
equation, express the angular 
velocity of the cylinder as a function 
of time: 


Evaluate @ (5 s): 


38 eo 


r = Fé =(17N)(0.11m)=| 1.87N-m | 


T 
a=— 
it 
IT =4MR’ 
25 
a= 7) 
MR 


2(1.87N-m) 
** 2.5kg)(0.11my 


o=0,+at 


or, because @ = 0, 
a=at 


o(5s)= (124 rad/s” \(5 s)= 


Picture the Problem We can find the angular acceleration of the wheel from its 


definition and the moment of inertia of the wheel from Newton’s 2" law. 


(a) Express the moment of inertia of 
the wheel in terms of the angular 
acceleration produced by the applied 
torque: 


Find the angular acceleration of the 
wheel: 


Substitute and evaluate /: 


(b) Because the wheel takes 120 s to 
slow to a stop (it took 20 s to 
acquire an angular velocity of 600 
rev/min) and its angular acceleration 
is directly proportional to the 
accelerating torque: 


39 we 
Picture the Problem The pendulum and 
the forces acting on it are shown in the 
free-body diagram. Note that the tension in 
the string is radial, and so exerts no 
tangential force on the ball. We can use 
Newton’s 2™ law in both translational and 
rotational form to find the tangential 
component of the acceleration of the bob. 


(a) Referring to the FBD, express 
the component of mg that is tangent 


to the circular path of the bob: 


Use Newton’s 2” law to express the 
tangential acceleration of the bob: 


(b) Noting that, because the line-of- 
action of the tension passes through 
the pendulum’s pivot point, its lever 
arm is zero and the net torque is due 
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jo 
a 
600 rev . 2a rad . 1min 
p _ Ao _ min rev 60s 
At 20s 
= 3.14 rad/s” 
50ON-m 
Suede 


ry 2F = 160N-m) = [B35N 


Fi =mgsin@ 


F : 
ad, =— =| gsin@ 
m 
ey T pivot point = mgL sim 0 
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to the weight of the bob, sum the 
torques about the pivot point to 
obtain: 

(c) Use Newton’s 2" law in 
rotational form to relate the angular 
acceleration of the pendulum to the 
net torque acting on it: 

Solve for @ to obtain: 

Express the moment of inertia of the 


bob with respect to the pivot point: 


Substitute to obtain: 


Relate ato a: 


*40 eee 


T net = MgL sin @ = la 


Lsin@ 
ge 


T=mL 


mgLsin@  gsin@ 
a= >) — 
mL L 


a, ~ra=1( 258) gsind 


Picture the Problem We can express the velocity of the center of mass of the rod in 


terms of its distance from the pivot point and the angular velocity of the rod. We can find 


the angular velocity of the rod by using Newton’s 2™ law to find its angular acceleration 


and then a constant-acceleration equation that relates wto a. We'll use the impulse- 


momentum relationship to derive the expression for the force delivered to the rod by the 


pivot. Finally, the location of the center of percussion of the rod will be verified by 


setting the force exerted by the pivot to zero. 


(a) Relate the velocity of the center 
of mass to its distance from the 
pivot point: 


Express the torque due to Fo: 


Solve for a: 


Express the moment of inertia of the 
rod with respect to an axis through 


v,, =—@ (1) 


T=fyx= yr 


_ Fox 
I 


pivot 


ees fos 


pivot 
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its pivot point: 


Substitute to obtain: ae 3 Fx 

ML’ 

i FxAt 
Express the angular velocity of the a 5 on 
rod in terms of its angular ML 
acceleration: 
Substitute in equation (1) to obtain: 3F,xAt 
Vv = 
cm 2ML 

(b) Let Ip be the impulse exerted by I, + FyAt = My,,, 
the pivot on the rod. Then the total and 
impulse (equal to the change in I, = Mv,,, — FyAt 
momentum of the rod) exerted on 
the rod is: 

i 3Fy)xAt 
eubstinits our result from (a) to a oXAt _ FiAt = FAt 3x 1 
obtain: 2L 2L 
Because J, = F,At: 2) 

a F234 
21 
In order for Fp to be zero: 3% 2L 
—-1=0>5x=| — 
21; 3 
41 eco 


Picture the Problem We’|I first express the torque exerted by the force of friction on the 
elemental disk and then integrate this expression to find the torque on the entire disk. 
We’ll use Newton’s 2™ law to relate this torque to the angular acceleration of the disk 
and then to the stopping time for the disk. 


(a) Express the torque exerted on dt, =rdf, (1) 
the elemental disk in terms of the 

friction force and the distance to the 

elemental disk: 


Using the definition of the df. = U,.gdm (2) 
coefficient of friction, relate the 
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force of friction to 44 and the weight 
of the circular element: 


Letting orepresent the mass per unit 
area of the disk, express the mass of 
the circular element: 


Substitute equations (2) and (3) in 
(1) to obtain: 


Because o0 = Te 
aR 


(b) Integrate dr, to obtain the total 


torque on the elemental disk: 


(c) Relate the disk’s stopping time 
to its angular velocity and 
acceleration: 


Using Newton’s 2" law, express @ 
in terms of the net torque acting on 
the disk: 


The moment of inertia of the disk, 
with respect to its axis of rotation, 


is: 


Substitute and simplify to obtain: 


dm = 2zrodr 


dt, =2nu,0 gr°dr 


at.= =H S yar 


f 


hee 
a 
vas 
ij 
T=14MR* 
Apu 3Ra 
4u.8 


Calculating the Moment of Inertia 


42 - 


2 R 
T = HE 8 dp = 
Rs 


(3) 


(4) 


= MRu,g 


Picture the Problem One can find the formula for the moment of inertia of a thin 


spherical shell in Table 9-1. 


The moment of inertia of a thin 
spherical shell about its diameter is: 


IT =2MR° 
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Substitute numerical values and T = 2(0.057kg)(0.035m) 
evaluate /: =| 4.66x10°kg-m? 


*43 08 
Picture the Problem The moment of inertia of a system of particles with respect to a 
given axis is the sum of the products of the mass of each particle and the square of its 


distance from the given axis. 


Use the definition of the moment of l= » mr 
i 


inertia of a system of particles to 
2 2 2 2 
=m, +m,r, +M,r, + M,N, 


obtain: 

Substitute numerical values and fz 3 kg)(2 m) a (4 kg)(2V2 m) 

evaluate J: 4, (4 kg)(0) - (3 kg)(2 m) 
=| 56.0kg-m* 

44. 


Picture the Problem Note, from symmetry considerations, that the center of mass of the 
system is at the intersection of the diagonals connecting the four masses. Thus the 
distance of each particle from the axis through the center of mass is J2 m. According to 
the parallel-axis theorem, J = J,,, + Mh? , where J, is the moment of inertia of the 
object with respect to an axis through its center of mass, / is the mass of the object, and 
h is the distance between the parallel axes. 


Express the parallel axis theorem: IT=I,,, + Mh? 
Solve for J, and substitute from Dm = — Mh? 
Problem 44: 


= 56.0kg-m? —(I4kg)(v2m) 


- ROE] 


Use the definition of the moment of Ln = > mr, 
inertia of a system of particles to : 

ee 3 3 2 
express [om = MP + Myr, + Mr, + MyM, 
Substitute numerical values and 1, =( kg)( 2 m) +(4kg) ( 2 al 


evaluate Ion: 


+ (4 kg)(V2 m) + (3 kg)(V2 m) 


=| 28.0kg-m? 
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45° 

Picture the Problem The moment of inertia of a system of particles with respect to a 
given axis is the sum of the products of the mass of each particle and the square of its 
distance from the given axis. 


(a) Apply the definition of the 1.= y mr 
moment of inertia of a system of : : : : ; 
particles to express J,: =m +My, + Mr, + M4, 
Substitute numerical values and I, =(3kg)(2m) +(4kg)(2m) 
x 8 g 
ee +(4kg)(0)+ (3kg)(0) 
=| 28.0kg-m? 

oe 2 
(b) Apply the definition of the l= y MT, 
moment of inertia of a system of : ; ; : : 
particles to express J,: =m +My +Mr, + M,r, 
Substitute numerical values and I,= (3 kg)(0) + (4 kg)(2 my) 
— + (4kg)(0)+ (kg)(2my 


- [Rig | 


Remarks: We could also use a symmetry argument to conclude that I, = I,. 


46 ° 
Picture the Problem According to the parallel-axis theorem, / = /,,, + Mh’, where Iem 


is the moment of inertia of the object with respect to an axis through its center of mass, M 
is the mass of the object, and h is the distance between the parallel axes. 


Use Table 9-1 to find the moment of Tm = MR? 
inertia of a sphere with respect to an 
axis through its center of mass: 


Express the parallel axis theorem: T=I,,, + Mh? 


Substitute for J, and simplify to I =2MR? + MR? =| £MR? 
obtain: 
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A7 
Picture the Problem The moment of inertia of the wagon wheel is the sum of the 
moments of inertia of the rim and the six spokes. 


Express the moment of inertia of the Tse ol ag aes 
wagon wheel as the sum of the 
moments of inertia of the rim and 


the spokes: 
Using Table 9-1, find formulas for Tis = M sig R 
the moments of inertia of the rim and 
and spokes: 

pleas = LM cred 
Substitute to obtain: T ect = M sin R? + 6(4 M - i) 

= M vig” a 2M srorel 

Substitute numerical values and Teo = (8kg)(0.Sm) + 2(1.2kg)(0.5m) 
evaluate [yheet! p6orw ao) 
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Picture the Problem The moment of inertia of a system of particles depends on the axis 
with respect to which it is calculated. Once this choice is made, the moment of inertia is 
the sum of the products of the mass of each particle and the square of its distance from 
the chosen axis. 


(a) Apply the definition of the i y mr? =| mx? +m, (L S x) 
moment of inertia of a system of i 
particles: 


(b) Set the derivative of J with 


dl 
; —= 2m,x + 2m,(L—x)(-1) 
respect to x equal to zero in order to dx 


identify values for x that correspond = 2(m,x + m,x— m,L) 
to either maxima or minima: — (0 for extrema 
dl mx +m,x—m,L =0 


If — =0, then: 
dx 
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Solve for x: . m,L 


Convince yourself that you’ve found mL. 2 
Q : 4 x = —+— is, by definition, the 
a minimum by showing that —— is atc) 
dx distance of the center of mass from m. 


positive at this point. 


49 ee 
Picture the Problem Let obe the mass 


per unit area of the uniform rectangular 
plate. Then the elemental unit has mass 
dm = o dxdy. Let the corner of the plate 
through which the axis runs be the 
origin. The distance of the element 
whose mass is dm from the corner r is 


related to the coordinates of dm through 


the Pythagorean relationship 7° =x* + y’. (a/2,0) (a,0) 
(a) Express the moment of inertia of dl = ox? + y’)dxdy 

the element whose mass is dm with 

respect to an axis perpendicular to it 

and passing through one of the 

corners of the uniform rectangular 

plate: 


Integrate this expression to find J: 7 4 
=o {(? +’) 
00 


(b) Letting d represent the distance I=I,.+md’ 

from the origin to the center of mass or 

of the plate, use the parallel axis i afond <= La? +b?)-md? 
theorem to relate the moment of 
inertia found in (a) to the moment of 
inertia with respect to an axis 
through the center of mass: 


Using the Pythagorean theorem, d’ = e ay + ( 4 by =1 (a? + b?) 
relate the distance d to the center of 


mass to the lengths of the sides of 
the plate: 


Substitute for d’ in the expression 
for I, and simplify to obtain: 


#50 ee 


Rotation 647 


Picture the Problem Corey will use the point-particle relationship 


Lg > mr, =m,r, +m,r; for his calculation whereas Tracey’s calculation will take 


1 


into account not only the rod but also the fact that the spheres are not point particles. 


(a) Using the point-mass 
approximation and the definition of 
the moment of inertia of a system of 
particles, express Lapp: 


Substitute numerical values and 
evaluate Japp: 


Express the moment of inertia of the 
two spheres and connecting rod 
system: 


Use Table 9-1 to find the moments 
of inertia of a sphere (with respect 
to its center of mass) and a rod (with 
respect to an axis through its center 
of mass): 


Because the spheres are not on the 
axis of rotation, use the parallel axis 
theorem to express their moment of 
inertia with respect to the axis of 
rotation: 


Substitute to obtain: 


Substitute numerical values and evaluate I: 


_ 2 2 2 
Logp = MT; =mr +m,r, 


1 


Lygp = (0.5kg)(0.2m) + (0.5kg)(0.2m) 
=| 0.0400 kg +m? 


i=l 


spheres a I rod 


and 


h? 


where h is the distance from the center 


—2 2 
I sphere — 3M aie +M sphere 


of mass of a sphere to the axis of 


rotation. 


I = 212 M sphereR? oi M snore!” \y $M,,30 
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T= 2{2(0.5kg)(0.05m/’ + (0.5kg)(0.2m)' }+ 4 (0.06kg)(0.3m) 


=| 0.0415kg +m? 


Compare J and J,), by taking their ratio: I app _ 0.0400kg- m —| 0.964 
I 0.0415kg-m 


The rotational inertia would increase because J, of a hollow sphere is 


greater than /,,, of a solid sphere. 
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Picture the Problem The axis of rotation 
passes through the center of the base of the 
tetrahedron. The carbon atom and the 
hydrogen atom at the apex of the 
tetrahedron do not contribute to J because 
the distance of their nuclei from the axis of 
rotation is zero. From the geometry, the 
distance of the three H nuclei from the 
rotation axis is a/ V3 , where a is the 


length of a side of the tetrahedron. 


Apply the definition of the moment of 
inertia for a system of particles to 


obtain: 

Substitute numerical values and f= (1 667x107’ kg)(0. 18x10° m) 
evaluate /: =|5.41x10 kg-m? 
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Picture the Problem Let the mass of 
the element of volume dV be 

dm = pdV = 2zphrdr where h is the 
height of the cylinder. We'll begin by 
expressing the moment of inertia d/ for 
the element of volume and then 
integrating it between R, and Ro. 


Express the moment of inertia of the 
element of mass dm: 


Integrate d/ from R, to R2 to obtain: 


The mass of the hollow cylinder 
ism = x ph(R? sR), sO: 


Substitute for p and simplify to obtain: 
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dl =r?dm = 2ap hr’ dr 


l= aaph | dr = Lmph(R$ = Ri) 


R 


= Lp WR? — R?)(R? +R) 


i=ta[ - =e Ri R= im{(R; + Re) 
1 


ah\R; —R 
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Picture the Problem We can derive the given expression for the moment of inertia of a 


spherical shell by following the procedure outlined in the problem statement. 


Find the moment of inertia of a 
sphere, with respect to an axis 
through a diameter, in Table 9-1: 


Express the mass of the sphere as a 
function of its density and radius: 


Substitute to obtain: 


Express the differential of this 
expression: 


Express the increase in mass dm as 
the radius of the sphere increases by 
dR: 


Eliminate dR between equations (1) 
and (2) to obtain: 


I =2mR°’ 

m=47pR 

l=47pR 

dl =42 pR*dR (1) 
dm = 4m p R’dR (2) 
dl =2R*dm 


Therefore, the moment of inertia of 


the spherical shell of mass mis 2mR’. 
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Picture the Problem We can find C in terms of M and R by integrating a spherical shell 


of mass dm with the given density function to find the mass of the earth as a function of 


M and then solving for C. In part (5), we’ll start with the moment of inertia of the same 


spherical shell, substitute the earth’s density function, and integrate from 0 to R. 


(a) Express the mass of the earth 
using the given density function: 


Solve for C as a function of M and R 


to obtain: 


(b) From Problem 9-40 we have: 


Integrate to obtain: 


M =[dm = [4x pride 
0 


a AnC * 
—47 cl 1.22r?dr — | redr 
0 R 0 


= 97 .22CR' ~ 7 CR? 


dl =47 pr'dr 


R 
i =8n| pr'dr 
0 


R R 
_ 82(0.508)M [1.2ar‘dr ae { ra] 
J R 


3R° 4 
_ a” 1.22 p51 ps 
R 5 6 


- [05M] 
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Picture the Problem Let the origin be at 

the apex of the cone, with the z axis along 
the cone’s symmetry axis. Then the radius 
of the elemental ring, at a distance z from 

the apex, can be obtained from the 


R 
proportion — = —. The mass dm of the 
z HT 


elemental disk is pdV = par’dz. We'll 
integrate r°dm to find the moment of inertia 
of the disk in terms of R and H and then 
integrate dm to obtain a second equation in 
R and H that we can use to eliminate H in 
our expression for J. 


Express the moment of inertia of the 
cone in terms of the moment of 
inertia of the elemental disk: 


Express the total mass of the cone in 
terms of the mass of the elemental 
disk: 


Divide J by M, simplify, and solve 
for J to obtain: 


56 yy) 
Picture the Problem Let the axis of 
rotation be the x axis. The radius r of the 


elemental area is VR? —z° and its mass, 
dm, iso dA =20 VR* —z* dz. We'll 
integrate z’ dm to determine / in terms of o 
and then divide this result by M in order to 


eliminate o and express / in terms of 
and R. 
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H a Re 
M =mp|r°dz = mp | —>2°de 
0 y 


1p R°H 


4 MR* 
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Express the moment of inertia about 


the x axis: 


The mass of the thin uniform disk 
is: 

Divide I by M, simplify, and solve 
for / to obtain: 


57 eee 
Picture the Problem Let the origin be at 

the apex of the cone, with the z axis along 
the cone’s symmetry axis, and the axis of 
rotation be the x rotation. Then the radius 

of the elemental disk, at a distance z from 
the apex, can be obtained from the 


R 
proportion — = —. The mass dm of the 
z HH 


elemental disk is pdV = par’dz. Each 
elemental disk rotates about an axis that is 
parallel to its diameter but removed from it 
by a distance z. We can use the result from 
Problem 9-57 for the moment of inertia of 
the elemental disk with respect to a 
diameter and then use the parallel axis 
theorem to express the moment of inertia 
of the cone with respect to the x axis. 


Using the parallel axis theorem, 
express the moment of inertia of the 
elemental disk with respect to the x 


axis: 


In Problem 9-57 it was established 
that the moment of inertia of a thin 
uniform disk of mass M and radius 
R rotating about a diameter 

is; MR * Express this result in 


I = [2d =|z2’odA 


R 
= [ebovR —Fae| 
-R 


M =onR’ 


[= + MR? , aresult in agreement with 


the expression given in Table 9-1 fora 
cylinder of length L = 0. 


dl, =dI,., +dmz* (1) 


where 


dm = pdV = prr°dz 


daa. = 1 (pn rdz\r? 
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terms of our elemental disk: 


Substitute in equation (1) to obtain: 


Integrate from 0 to H to obtain: 


4\ H? 
R*H RH? 
= 1p| —— + 

2 5 
Express the total mass of the cone in M a 24 " R? 24 
terms of the mass of the elemental ad J hee ae J ga Ge 

isk: 
dis = Lap R*H 
Divide J, by M, simplify, and solve HH: R? 
a, TI, =| 3M| —-+— 

for [. to obtain: x . 20 


Remarks: Because both H and R appear in the numerator, the larger the cones are, 
the greater their moment of inertia and the greater the energy consumption 
required to set them into motion. 


Rotational Kinetic Energy 


58 

Picture the Problem The kinetic energy of this rotating system of particles can be 
calculated either by finding the tangential velocities of the particles and using these 
values to find the kinetic energy or by finding the moment of inertia of the system and 
using the expression for the rotational kinetic energy of a system. 


(a) Use the relationship between v V3 =h0= (0.2 m)(2 rad/s) = 0.4m/s 
and w to find the speed of each and 


particle: v, =7,@ = (0.4m)(2 rad/s) = 0.8 m/s 
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Find the kinetic energy of the 
system: 


(b) Use the definition of the moment 
of inertia of a system of particles to 
obtain: 


Substitute numerical values and 
evaluate /: 


Calculate the kinetic energy of the 
system of particles: 
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K =2K,+2K,=m,v3+my, 


= (3kg)(0.4m/s) + (1kg)(0.8m/s) 


=/1.12J 
I=) om; 
i 
=myr, +myr, +myry +myry 


I =(1kg)(0.4m) +(3kg)(0.2m) 
+(1kg)(0.4m)’ + (3kg)(0.2m)’ 
= 0.560kg:m? 


K =1I@° = 1(0.560kg-m?)(2rad/s)’ 
=/1.12J 


Picture the Problem We can find the kinetic energy of this rotating ball from its angular 


speed and its moment of inertia. We can use the same relationship to find the new angular 


speed of the ball when it is supplied with additional energy. 


(a) Express the kinetic energy of the 
ball: 


Express the moment of inertia of 
ball with respect to its diameter: 


Substitute for /: 


Substitute numerical values and 
evaluate K: 


(b) Express the new kinetic energy 
with K' = 2.0846 J: 


Express the ratio of K to K% 


K =410° 
1 =2MR* 
K =1MR’@” 


K =1(1.4kg)(0.075m/) 


2 <2 
«(7 rev : 2arad | a 


min =_—‘rrev 60s 
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Solve for a’ K' 


Substitute numerical values and _ , 12.0846] 

a oO = (70 rev/min) —_—_—_—. 

evaluate a’: 0.0846] 
=| 347rev/min 


60 °« 
Picture the Problem The power delivered by an engine is the product of the torque it 
develops and the angular speed at which it delivers the torque. 


Express the power delivered by the P=TO 
engine as a function of the torque it 

develops and the angular speed at 

which it delivers this torque: 


Substitute numerical values and evaluate P: 


rev 2arad_ min 
P=(400N.- =| 155kW 
(400 3700 mi 


rev 


61 ee 

Picture the Problem Let 7; and r, be the distances of m, and m, from the center of mass. 
We can use the definition of rotational kinetic energy and the definition of the center of 
mass of the two point masses to show that K,/K> = m2/m. 


Use the definition of rotational K, tlo; = miro _ mr 


kinetic energy to express the ratio of K. 1 lo; m 1, @ m, i 
the rotational kinetic energies: 


Use the definition of the center of nm, =r,m, 


mass to relate m), m2, r, and 2: 


2 
Lr, : 
Solve for —, substitute and Ky _ im, E | as | 26s 
r 
2 K, Mm, m, 
simplify to obtain: 


62 ee 
Picture the Problem The earth’s rotational kinetic energy is given by 
Ky = at @ where / is its moment of inertia with respect to its axis of rotation. The 


rot 
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center of mass of the earth-sun system is so close to the center of the sun and the earth- 
sun distance so large that we can use the earth-sun distance as the separation of their 


centers of mass and assume each to be point mass. 


Express the rotational kinetic energy 
of the earth: 


Find the angular speed of the earth’s 
rotation using the definition of a: 


From Table 9-1, for the moment of 
inertia of a homogeneous sphere, we 
find: 


Substitute numerical values in 
equation (1) to obtain: 


Express the earth’s orbital kinetic 
energy: 


Find the angular speed of the center 
of mass of the earth-sun system: 


Express and evaluate the orbital 
moment of inertia of the earth: 


Substitute in equation (2) to obtain: 


K vot =11@° (1) 
se. A@_—_ 2arad 
At rAhx 3600s 


= 7.27x10° rad/s 


I =2MR* 
= 2(6.0x10* kg)(6.4x10° m) 
= 9.83x10°’ kg-m? 


4 = $(9.83x10°’ kg-m?) 
x (7.2710 rad/s) 


=| 2.60x10” J 
Kos = +1o;., (2) 
46 
At 
7 2a rad 
Bes Osama en 
day h 
=1.99x107 rad/s 
I=M,R- 


orb 


= (6.010% kg)(1.50 x10" m)’ 
=1.35x10""kg-m? 


Koy =4(1.35x10" kg-m?) 
(1.99107 rad/s)” 
= 2.67x10" J 


orb , 


Evaluate the ratio 


rot 
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K orb 
K 


267210" T 
2.60 x10” J 


10° 


rot 


Picture the Problem Because the load is not being accelerated, the tension in the cable 


equals the weight of the load. The role of the massless pulley is to change the direction 


the force (tension) in the cable acts. 


(a) Because the block is lifted at 
constant speed: 


(b) Apply the definition of torque at 
the winch drum: 


(c) Relate the angular speed of the 
winch drum to the rate at which the 
load is being lifted (the tangential 
speed of the cable on the drum): 


(d) Express the power developed by 
the motor in terms of the tension in 

the cable and the speed with which 

the load is being lifted: 
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T = mg =(2000kg)(9.81 m/s’) 


- [198] 


t = Tr =(19.6kN)(0.30m) 


=| 5.89kN-m 
pe 0.267 rad/s 
r  0.30m 


P =Tv =(19.6kN)(0.08 m/s) 
=| 1.57kW 


Picture the Problem Let the zero of gravitational potential energy be at the lowest point 


of the small particle. We can use conservation of energy to find the angular velocity of 


the disk when the particle is at its lowest point and Newton’s 2™ law to find the force the 


disk will have to exert on the particle to keep it from falling off. 


(a) Use conservation of energy to 
relate the initial potential energy of 
the system to its rotational kinetic 
energy when the small particle is at 
its lowest point: 


Solve for ae 


AK + AU =0 
or, because U;= K; = 0, 
ae + Tyaricte OP —mgAh -_ 0 


2mgAh 
ee Re 
L sick + lst 
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Substitute for Laisks L particles and Ah 
and simplify to obtain: 


(b) The mass 1s in uniform circular 
motion at the bottom of the disk, so 
the sum of the force F' exerted by 
the disk and the gravitational force 
must be the centripetal force: 


Solve for F and simplify to obtain: 
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Picture the Problem Let the zero of gravitational potential energy be at the center of 
mass of the ring when it is directly below the point of support. We'll use conservation of 
energy to relate the maximum angular velocity and the initial angular velocity required 


aoe 2mg(2R) 2 8mg 
" \2MR? + mR? R(2m+M) 


F-mg=mRo; 


F=mg+mRoa; 


for a complete revolution to the changes in the potential energy of the ring. 


(a) Use conservation of energy to 
relate the initial potential energy of 
the ring to its rotational kinetic 
energy when its center of mass is 
directly below the point of support: 


Use the parallel axis theorem and 
Table 9-1 to express the moment of 
inertia of the ring with respect to its 
pivot point P: 


Substitute in equation (1) to obtain: 


Solve for @nax: 


Substitute numerical values and 
evaluate max: 


AK + AU =0 
or, because U;= K; = 0, 
+1,,., —mgAh = 0 (1) 


Ip = Lon +mR°* 


1 (mR? +mR’)@?,, —mgR =0 


3 
id 
—_— 
by [09 | 


9.81m/s* 
Onax = \0.75m_ =| 3.62rad/s 
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(b) Use conservation of energy to AK + AU =0 
relate the final potential energy of or, because U; = Kr= 0, 
the ring to its initial rotational =F1 QO: + mgAh = 0 


kinetic energy: 


Noting that the center of mass must = 1 (mR? + mR? eo? +mgR =0 
rise a distance R if the ring is to 

make a complete revolution, 

substitute for Jp and Ah to obtain: 


Solve for @;: 


S 
ll 
by [oe | 


Substitute numerical values and OR ins? 
evaluate @;: QO; = \ 075m =| 3.62 rad/s 
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Picture the Problem We can find the energy that must be stored in the flywheel and 
relate this energy to the radius of the wheel and use the definition of rotational kinetic 
energy to find the wheel’s radius. 


Relate the kinetic energy of the Kyo = St i = (2 MJ/km)(300 km) 
flywheel to the energy it must = 600 MJ 
deliver: 
Express the moment of inertia of the I= + MR?’ 
flywheel: 
Substitute for /.,; and solve for @: Re 2 |K a 

@\VM 
Substitute numerical values and 
evaluate R: _ 2 

400 1° x 2a rad 
S rev 


-[198m] 
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Picture the Problem We’! solve this problem for the general case of a ladder of length 
L, mass M, and person of mass m. Let the zero of gravitational potential energy be at 
floor level and include you, the ladder, and the earth in the system. We’Il use 
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conservation of energy to relate your impact speed falling freely to your impact speed 


riding the ladder to the ground. 


Use conservation of energy to relate 
the speed with which a person will 
strike the ground to the fall distance 
L: 


Solve for v; : 


Letting @r represent the angular 
velocity of the laddertperson 
system as it strikes the ground, use 
conservation of energy to relate the 
initial and final momenta of the 
system: 


Substitute for the moments of inertia 
to obtain: 


Substitute v, for L.@; and solve for 


2 
Vie 


Tr 


2 
Vv 

Express the ratio —: 
v 
f 


Solve for v, to obtain: 


AK + AU =0 
or, because K; = Us= 0, 
4mv; —mgL =0 


v; =2eL 


AK +AU =0 
or, because K; = Us= 0, 


L 
ise a Fisie, OP a [mt + Mg =) = 0 


{m iM \Pol -[ met +Me =) =0 


v= 
m+— 
2 m+— 
Ua 
Vi my it 
3 
6m+3M 
"  'V6m+2M 


Unless M, the mass of the ladder, is zero, v, > v,. It is better to let go and 


fall to the ground. 
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Pulleys, Yo-Yos, and Hanging Things 
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Picture the Problem We’l solve this problem for the general case in which the mass of 
the block on the ledge is M/, the mass of the hanging block is m, and the mass of the 
pulley is M,, and R is the radius of the pulley. Let the zero of gravitational potential 
energy be 2.5 m below the initial position of the 2-kg block and R represent the radius of 
the pulley. Let the system include both blocks, the shelf and pulley, and the earth. The 
initial potential energy of the 2-kg block will be transformed into the translational kinetic 
energy of both blocks plus rotational kinetic energy of the pulley. 


(a) Use energy conservation to AK + AU =0 
relate the speed of the 2 kg block or, because K; = Us= 0, 
when it has fallen a distance Ah to 1(m+M)v? +41 vdiese —mgh=0 


its initial potential energy and the 
kinetic energy of the system: 


2 


Substitute for Jpuey and @ to obtain: 
ubstitute for Jputiey and @ to obtain y(m+M)v? +4 (MR?) —mgh = 0 


Solve for v: 2mgh 

v= |—>— 

\M+m+5M, 
Substitute numerical values and ve 2(2 kg)(9.8 1m/s2 (2. 5 m) 
evalua \ 4kg+2kg++(0.6kg) 
=| 3.95 m/s 

(b) Find the angular velocity of the ae 3.95 m/s =| Ao Sead 
pulley from its tangential speed: R 0.08m 
69 


Picture the Problem The diagrams show 
the forces acting on each of the masses and 
the pulley. We can apply Newton’s 2™ law 
to the two blocks and the pulley to obtain 
three equations in the unknowns 7}, 7>, and 


a. ia | m2 
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Apply Newton’s 2" law to the two 
blocks and the pulley: 


Eliminate @ in equation (2) to 
obtain: 


Eliminate 7, and 7, between 
equations (1), (3) and (4) and solve 
for a: 


Substitute numerical values and 
evaluate a: 


Using equation (1), evaluate 7: 


Solve equation (3) for 75: 


Substitute numerical values and 
evaluate 7): 
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Sa =a; (1) 
ae =(1,-T)r=I,a, (2) 
and 

DF, =m,g -T, =m,a (3) 
T, -T, =1M,,a (4) 
as Mas 


m,+m,+7M, 


2 
___@kg)08ims*) _ pa 
2kg+4kg+4+(0.6kg) 


7, = (4kg)(3.11m/s*)=[12.5N | 


T, =m,(g-a) 


(2kg)(9.81m/s? —3.11m/s”) 


=|13.4N 


Tr, 


Picture the Problem We’|I solve this problem for the general case in which the mass of 


the block on the ledge is M, the mass of the hanging block is m, the mass of the pulley is 


M,, and R is the radius of the pulley. Let the zero of gravitational potential energy be 2.5 


m below the initial position of the 2-kg block. The initial potential energy of the 2-kg 


block will be transformed into the translational kinetic energy of both blocks plus 


rotational kinetic energy of the pulley plus work done against friction. 


(a) Use energy conservation to 
relate the speed of the 2 kg block 
when it has fallen a distance Ah to 
its initial potential energy, the 
kinetic energy of the system and the 
work done against friction: 


Substitute for Jpuiey and @ to obtain: 


AK +AU+W, =0 
or, because K; = Us= 0, 
L(m a M)v a 4D stteyO 


—mgh+ ,Mgh = 0 


2 
v 
R? 
—mgh+ u,Mgh = 0 


L(m+M)v+4(4M,) 
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Solve for v: 2gh(m — uM) 
v= 
M+m+ 3M, 


Substitute numerical values and evaluate v: 


2(9.81m/s? )(2.5m)|2kg —(0.25)(4kg)| 
an akg +2ke+4(0.6kg) eae 


(b) Find the angular velocity of the pulley nie La 2.79 m/s ~134 9rad/s 


from its tangential speed: R- 0.08m 


71 

Picture the Problem Let the zero of gravitational potential energy be at the water’s 
surface and let the system include the winch, the car, and the earth. We’ ll apply energy 
conservation to relate the car’s speed as it hits the water to its initial potential energy. 
Note that some of the car’s initial potential energy will be transformed into rotational 
kinetic energy of the winch and pulley. 


Use energy conservation to relate AK + AU =0 
the car’s speed as it hits the water to or, because K; = Us= 0, 
its initial potential energy: tmv*+41,o. +41 : Qo; —mg\h = 0 
Express @, and @, in terms of the v v 
a. O,, =— and @, => 
speed v of the rope, which is the re 2 


same throughout the system: 


Substitute to obtain: v ‘i 
1 2 1 1 _ 
amv tale poly eg Cena 
w p 


Solve for v: 2mgAh 


Substitute numerical values and 2(I 200 kg)(9.8 lis (5 m) 

evaluate v: 320kg-m? 4kg-m? 
+ 

(0.8m) (0.3m) 


1200kg + 


=| 8.21m/s 


a 
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Picture the Problem Let the system 1 
include the blocks, the pulley and the earth. “3 T, 
Choose the zero of gravitational potential ; 
energy to be at the ledge and apply energy 
conservation to relate the impact speed of 
the 30-kg block to the initial potential tet 
energy of the system. We can use a — 
constant-acceleration equations and My) 8 
Newton’s 2™ law to find the tensions in the | 
strings and the descent time. 


AK +AU =0 
or, because K; = U;= 0, 


(a) Use conservation of energy to 
relate the impact speed of the 30-kg 


1 241 244 2 
zMyV +5>Myv +571, 


block to the initial potential energy 71, 


of the system: +m,,gAh —m,,gAh = 0 


Substitute for @, and J, to obtain: 


Solve for v: — 2gAh(m,, = Myy ) 

M29 + M39 +7M, 
Substitute numerical values and (9.81 m/s” (2 m) (30 kg —20 kg) 
evaluate v: uu 


(5) Find the angular speed at impact 
from the tangential speed at impact 
and the radius of the pulley: 


(c) Apply Newton’s 2™ law to the 
blocks: 


Using a constant-acceleration 
equation, relate the speed at impact 
to the fall distance and the 


2 
1 2,1 2,1(1 2 
7 MxVi + ZMgyV +4(LM,r (5 


+m,,gAh—m,,gAh =0 


7) 


\Y - 20kg +30kg+4(S5kg) 


=| 2.73m/s 
2.73 m/ 


r 


> F, =T, —MyZ = Mya (1) 


pas =m, g—T, = My a 


v? =v) +2aAh 


or, because vo = 0, 


(2) 
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leration and solve for and : : 

acceleration and solve for an ee aa (2.73 m/s) — 1.87 m/s? 
evaluate a: 2Ah 2(2 m) 

Substitute in equation (1) to find 7;: T, = My) (g + a) 


= (20kg)(9.81 m/s? + 1.87 m/s’) 


=| 234N 


Substitute in equation (2) to find 7): T, = Mo (g a a) 
= (30kg)(9.81m/s? -1.87 m/s’) 


- [BN] 


(d) Noting that the initial speed of ee Ah _ Ah _ 2Ah 
the 30-kg block is zero, express the Vv $v v 


av 


time-of-fall in terms of the fall 
distance and the block’s average 
speed: 


Substitute numerical values and _ 2(2 m) =| 7476 
evaluate At: 2.73 m/s 


73 0 

Picture the Problem The force diagram ; 

shows the forces acting on the sphere and . A 
the hanging object. The tension in the 

string is responsible for the angular R 
acceleration of the sphere and the 0 if 
difference between the weight of the object 
and the tension is the net force acting on 
the hanging object. We can use Newton’s y T 
2™ law to obtain two equations in a and T V mg 


that we can solve simultaneously. 


(a)Apply Newton’s 2" law to the > Ty =TR = Tere (1) 


sphere and the hanging object: aiid 


DF. =mg-T =ma (2) 


Substitute for sphere and @ in TR = (2 MR? ) a G3) 
equation (1) to obtain: R 
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Eliminate T between equations (2) 
and (3) and solve for a to obtain: 


(5) Substitute for a in equation (2) 
and solve for T to obtain: 


74 + 

Picture the Problem The diagram shows 
the forces acting on both objects and the 
pulley. By applying Newton’s 2™ law of 
motion, we can obtain a system of three 
equations in the unknowns 7}, 7>, and a 
that we can solve simultaneously. 


(a) Apply Newton’s 2™ law to the 
pulley and the two objects: 


Substitute for Jo = Zputiey and @ in 
equation (2) to obtain: 


Eliminate 7; and 7, between 
equations (1), (3) and (4) and solve 
for a to obtain: 


Substitute numerical values and 
evaluate a: 


(5) Substitute for a in equation (1) 
and solve for 7; to obtain: 


_ & 
“| OM 
1+ — 
5m 
Te 2mMg 
5m+2M 


(m, —m, )g 
m,+m,+5m 


a= 


_ (510g -500g)(981cm/s*) 
500g +510g+4(50g) 


=| 9.478cm/s” 


i= m,(g +a) 
= (0.500kg)(9.81 m/s? +0.09478 m/s’) 


- [195285] 
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Substitute for a in equation (3) and T, =m, (g —- a) 
solve for T; to obtain: = (0.510kg)(9.81m/s? —0.09478m/s" ) 
=| 4.9548N 
Find AT: AT =T, —T, =4.9548N — 4.9524N 
=| 0.0024N 
(c) If we ignore the mass of the —_ (m, Sail )g 
pulley, our acceleration equation is: m, +m, 
Substitute numerical values and ae (510g—500 2)(98 1cem/s? ) 
evaluate a: 7 500g¢+510¢ 
=| 9.713cm/s* 
Substitute for a in equation (1) and T, =m, (g + a) 


solve for 7; to obtain: 


Substitute numerical values and evaluate 7: 


T, =(0.500kg)(9.81m/s? +0.09713 m/s? )=| 4.9536N 


From equation (4), if m= 0: T, =T, 


*75, ee 
Picture the Problem The diagram shows i 
the forces acting on both objects and the 4 
pulley. By applying Newton’s 2™ law of T, 
motion, we can obtain a system of three 

equations in the unknowns 7}, 7>, and a 9 ° 
that we can solve simultaneously. 


Y mg 


wm T, 
I 


x x 


(a) Express the condition that the Tre = 1,ZR, —m,gR, =0 
system does not accelerate: 
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Solve for mz: wy 

m, =m, — 

2 

Substitute numerical values and 1.2m 

m, =(24kg)—— =| 72.0k 
evaluate my: ' ( 8) 0.4m 72.0kg | 
(b) Apply Newton’s 2" law to the Dy =mg—-T,=ma, (1) 
objects and the pulley: ee =T.R,-T,R, =1,a, (2) 

and 


> F,=h-mg=mai (3) 


Eliminate a in favor of @ in equations T, =m, (g —Ra ) (4) 
(1) and (3) and solve for 7; and 7): and 

T, =m,(g+R,a) (5) 
Substitute for T, and 7, in equation wes (m,R, —m,R, Je 
(2) and solve for @ to obtain: m,R; +m,R; +1, 


Substitute numerical values and evaluate a: 


_ [86kg)(1.2m)—(72kg)(0.4m)](9.81m/s*)  _ ; 
ies Bea 2my TEN CeEN, aim) 7 


Substitute in equation (4) to find 7): 


T, = (36kg)|9.81m/s? -(1.2m)(1.37rad/s?)]=[ 294N 


Substitute in equation (5) to find 7: 


T, = (72kg)|9.81 m/s?+ (0.4 m)(1.37 rad/s” )]=| 746N 
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Picture the Problem Choose the 

coordinate system shown in the diagram. T 
By applying Newton’s 2™ law of motion, 
we can obtain a system of two equations in 
the unknowns 7 and a. In (6) we can use 
the torque equation from (a) and our value 
for T to finda. In (c) we use the condition 
that the acceleration of a point on the rim 
of the cylinder is the same as the 
acceleration of the hand, together with the Yug 


angular acceleration of the cylinder, to find 
the acceleration of the hand. 


° nd 
(a) Apply Newton’s 2 law to the »y r, =TR=1I, a (1) 
cylinder about an axis through its 
center of mass: and 
>. =Mg-T =0 (2) 
Solve for 7 to obtain: T =| Mg 
(b) Rewrite equation (1) in terms of TR=1,a 
a. 
Solve for a: ik 
a=— 
vf 
Substitute for T and Jp to obtain: 2 MgR _ 
+MR* [LR 
(c) Relate the acceleration a of the a=Ra 


hand to the angular acceleration of 
the cylinder: 


=|2¢ 


; ‘ie 2 
Substitute for @ to obtain Ae r{ & ) 
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Picture the Problem Let the zero of 
gravitational potential energy be at the 
bottom of the incline. By applying 
Newton’s 2™ law to the cylinder and the 
block we can obtain simultaneous 
equations in a, 7, and @ from which we 
can express a and T. By applying the 
conservation of energy, we can derive 
an expression for the speed of the block 
when it reaches the bottom of the 


incline. 


(a) Apply Newton’s 2™ law to the 
cylinder and the block: 


Substitute for a in equation (1), 
solve for 7, and substitute in 
equation (2) and solve for a to 
obtain: 


(5) Substitute for a in equation (2) 
and solve for 7: 


(c) Noting that the block is released 
from rest, express the total energy of 
the system when the block is at 
height h: 


(d) Use the fact that this system is 
conservative to express the total 
energy at the bottom of the incline: 


(e) Express the total energy of the 
system when the block is at the 
bottom of the incline in terms of its 
kinetic energies: 


Dae Re 
and 
»F =m,gsin@-T=m,a 


a= 
1+ 

fe 

B=U+K= 

Exotom =| Mgh 

E bottom — Bs a Kis 


_1 2.1 2 
=7M,V +51,@ 


(1) 


(2) 
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2 


Substitute for @ and Jp to obtain: ; nn (: 2 yy _ 
gt aa a m,gh 


Solve for v to obtain: 


(f) For = 0: 


For 6= 90°: 


For m, = 0: 


, and 
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Picture the Problem Let 7 be the radius of 

the concentric drum (10 cm) and let Jp be 

the moment of inertia of the drum plus T 
platform. We can use Newton’s 2™ law in 

both translational and rotational forms to i) 

express Jp in terms of a and a constant- 

acceleration equation to express a and then T 

find Jp. We can use the same equation to Mg 
find the total moment of inertia when the | 
object is placed on the platform and then x 
subtract to find its moment of inertia. 


(a) Apply Newton’s 2™ law to the » tT =Tfr=1,a (1) 
platform and the weight: oy F_=Mg-T =Ma (2) 
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Substitute a/r for a in equation (1) 
and solve for T: 


Substitute for T in equation (2) and 
solve for a to obtain: 


Using a constant-acceleration 
equation, relate the distance of fall 
to the acceleration of the weight and 
the time of fall and solve for the 
acceleration: 


Substitute for a in equation (3) to 
obtain: 


Substitute numerical values and 
evaluate Jp: 


(5) Relate the moments of inertia of 
the platform, drum, shaft, and pulley 
(Jo) to the moment of inertia of the 
object and the total moment of 


inertia: 


Substitute numerical values and 
evaluate [io 


Solve for and evaluate /: 


1 (3) 


Ax = v,At +4a(At) 


or, because vy = 0 and Ax = D, 
2D 


(Ac) 


2 
ip -mr(£-1| scales 
2D 


a 


(2.5kg)(0.1m) 


Bats sl ; 
2(1.8m) 


if 


=| 1.177kg-m? 


Tg =I) 4+1 -mr(£-1) 
a 


Tq = (2.5kg)(0.1m) 


eciaee 
2(1.8m) 


=| 3.125kg-m? 


T =I, —1y) =3.125kg-m? 
—1.177kg-m? 


=| 1.948kg-m?* 


| 


: 
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Objects Rolling Without Slipping 
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Picture the Problem The forces acting on 
the yo-yo are shown in the figure. We can 
use a constant-acceleration equation to 

relate the velocity of descent at the end of 


the fall to the yo-yo’s acceleration and 
Newton’s 2™ law in both translational and 


rotational form to find the yo-yo’s Ving 
acceleration. : 
Using a constant-acceleration ys vo + 2aAh 
equation, relate the yo-yo’s final or, because vy = 0 
speed to its acceleration and fall y=./2aAh (1) 
distance: 
Use Newton’s 2™ law to relate the ~ F.=mg—T=ma (2) 
forces that act on the yo-yo to its ane 
acceleration: ¥ t) =Tr=1,a (3) 
Use ad =ra to eliminate ain a 

2 Tr=1" (4) 
equation (3) r 

. . . I 
Eliminate T Dopyeen equations (2) mg — ao pts (5) 
and (4) to obtain: r 
Substitute mR * for Ip in equation + mR? 
mg ———,— a= ma 
(5): r 
Solve for a: ie & 
= 7 
aeons 
2r 
Substitute numerical values and 9.81m/s* 
a= — = 0.0864 m/s” 
evaluate a: (1 5 m) 
2(0.1m)’ 

Substitute in equation (1) and pe (2(0.0864 m/s”)(57 m) 


evaluate v: 
=| 3.14m/s 
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Picture the Problem The diagram shows — r 
the forces acting on the cylinder. By 7 sy 
applying Newton’s 2™ law of motion, we | \ 
can obtain a system of two equations in the \w ff 
unknowns 7, a, and @ that we can solve = 
simultaneously. on 
| 

(a) Apply Newton’s 2™ law to the » T, =TR=1,a (1) 
cylinder: and 

> F,=Mg-T=Ma_ (2) 
Substitute or a and J in equation TR = ( a! MR?) a 
(1) to obtain: R 
Solve for T: T =5Ma (3) 
Substitute for T in equation (2) and a=|2¢g 
solve for a to obtain: 
(6) Substitute for a in equation (3) T=1iM (2 g) =|1iMg 
to obtain: 
81 eo 
Picture the Problem The forces acting on 
the yo-yo are shown in the figure. Apply %) 
Newton’s 2™ law in both translational and ras 
rotational form to obtain simultaneous 
equations in 7, a, and @ from which we can 
eliminate @ and solve for 7 and a. ms 

I 

Apply Newton’s 2™ law to the yo-yo: > P.=mg—T=ma (1) 

and 

ba sige, (2) 

= His : i 

Use a =ra to eliminate ain Pei, (3) 


equation (2) r 


Eliminate T between equations (1) 
and (3) to obtain: 


Substitute +mR? for Jy in equation 


(4): 


Solve for a: 


Substitute numerical values and 
evaluate a: 


Use equation (1) to solve for and 
evaluate 7: 


*82 ° 


_ a 
2r? 
= 9.81m/s* 
2(0.01m) 
T = m(g~-a) 


II 


=| 0.962N 
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(4) 


Cn 
1+—— 


(0.1kg)(9.81 m/s? — 0.192 m/s?) 


Picture the Problem We can determine the kinetic energy of the cylinder that is due to 
its rotation about its center of mass by examining the ratio K,,,, / des 


Express the rotational kinetic energy of 
the homogeneous solid cylinder: 


Express the total kinetic energy of the 
homogeneous solid cylinder: 


rot , 


Express the ratio 


83 


= 1 
Ks ~ ol el 
K = Koni ot eae 
1 
Kio = qmv 
2 
K imv 


(b) is correct. 


Picture the Problem Any work done on the cylinder by a net force will change its 


kinetic energy. Therefore, the work needed to give the cylinder this motion is equal to its 


kinetic energy. 


Express the relationship between the 
work needed to stop the cylinder and 
its kinetic energy: 


| =|AK|=4mv? +4 10° 
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Because the cylinder is rolling without v=ro 
slipping, its translational and angular 
speeds are related according to: 


Substitute for J (see Table 9-1) and w 7 = imy* + 11@ 


and simplify to obtain: y 
sl 241(1 2 
=zmv +4(Lmr \o 


—3 2 
= zmv 


Substitute for m and v to obtain: | =4(60kg)(Sm/s) =| 1.13kI 


84 
Picture the Problem The total kinetic energy of any object that is rolling without 
slipping is given by K = K,, + K,.,. We can find the percentages associated with each 


trans rot ° 
motion by expressing the moment of inertia of the objects as kmr* and deriving a general 
expression for the ratios of rotational kinetic energy to total kinetic energy and 

translational kinetic energy to total kinetic energy and substituting the appropriate values 


of k. 


Express the total kinetic energy K = Kyans 


associated with a rotating and 2 
translating object: 


K i 2 
Express the ratio —“: Kio _ ee pM acer 
K K  5mv (1+k) l+k ac 
k 
K 1 ys 
Express the ratio —““: Kans = a = J 
K K  imv*(1+k) 1+k 


(a) Substitute & = 2/5 for a uniform on a a _ : 
aa i = 0.286 =| 28.6% 


sphere to obtain: 


1 
Hans. = =0.714=| 71.4% 
os 71.4% | 
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(b) Substitute & = 1/2 for a uniform Te. _— 0 
ee ae 33.3% 


cylinder to obtain: 


1+— 
0.5 
and 
A ans : =| 66.7% 
KO Je03 
(c) Substitute k= 1 for a hoop to obtain: Ke 2 1 = 5 
K al ; T 50.0% 
1 
and 
K 1 
trans ee 50.0% 
K 1+1 
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Picture the Problem Let the zero of gravitational potential energy be at the bottom of the 
incline. As the hoop rolls up the incline its translational and rotational kinetic energies are 
transformed into gravitational potential energy. We can use energy conservation to relate 
the distance the hoop rolls up the incline to its total kinetic energy at the bottom of the 


incline. 


Using energy conservation, relate 
the distance the hoop will roll up the 
incline to its kinetic energy at the 
bottom of the incline: 


Express K; as the sum of the 
translational and rotational kinetic 
energies of the hoop: 


When a rolling object moves with 
speed v, its outer surface turns with 
a speed v also. Hence @ = v/r. 
Substitute for / and @ to obtain: 


Letting AA be the change in 
elevation of the hoop as it rolls up 
the incline and AL the distance it 
rolls along the incline, express Us 


Substitute in equation (1) to obtain: 


AK +AU =0 

or, because Ky= U; = 0, 

—K,+U, =0 (1) 
K, = Rog Pie = dmv’ +4I@° 


U, =mgAh = mgAL sin 8 


—mv’ +mgALsin@ =0 
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Solve for AL: Are a 
gsind 
Substitute numerical values and (1 5m/ s) 
= - =| 45.9m 
evaluate AL: (9.81m/s?) sin30° 
*86 se 


Picture the Problem From Newton’s 2™ law, the acceleration of the center of mass 
equals the net force divided by the mass. The forces acting on the sphere are its weight 


mg downward, the normal force F , that balances the normal component of the weight, 


and the force of friction f acting up the incline. As the sphere accelerates down the 
incline, the angular velocity of rotation must increase to maintain the nonslip condition. 
We can apply Newton’s 2™ law for rotation about a horizontal axis through the center of 
mass of the sphere to find @, which is related to the acceleration by the nonslip condition. 


The only torque about the center of mass is due to f because both mg and F, act through 


the center of mass. Choose the positive direction to be down the incline. 
y 


a 


Apply YF = ma to the sphere: mg sinO— f = ma. (1) 
Apply > tT =[,,,@ to the sphere: Sr=lT yO 
Use the nonslip condition to a. 
eliminate @ and solve for f: Pt = Ly oe 
and 
I 
Pa =~ Gm 
‘a 
Substitute this result for fin . om 
equation (1) to obtain: Mg SiN O ——H dom = MA gm 
From Table 9-1 we have, for a solid (a 2 mr? 


sphere: 
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Substitute in equation (1) and simplify mg sin 0 —2a,,, = My», 
to obtain: 
Solve for and evaluate 0: i{ 7a 
0 =sin om 
5g 
0. 
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Picture the Problem From Newton’s 2” law, the acceleration of the center of mass 
equals the net force divided by the mass. The forces acting on the thin spherical shell are 


its weight mg downward, the normal force F, that balances the normal component of the 


weight, and the force of friction f acting up the incline. As the spherical shell accelerates 


down the incline, the angular velocity of rotation must increase to maintain the nonslip 
condition. We can apply Newton’s 2" law for rotation about a horizontal axis through the 
center of mass of the sphere to find @, which is related to the acceleration by the nonslip 


condition. The only torque about the center of mass is due to f because both mg and 


F , act through the center of mass. Choose the positive direction to be down the incline. 


Apply YF = ma to the thin mg sin@— f = ma,,, (1) 
spherical shell: 

Apply >) 7 =J,,,@ to the thin fr =L yl 

spherical shell: 


Use the nonslip condition to 
eliminate @ and solve for f: 


Substitute this result for fin 
equation (1) to obtain: 


From Table 9-1 we have, for a thin l= 2mr? 


680 Chapter 9 
spherical shell: 


Substitute in equation (1) and 
simplify to obtain: 


Solve for and evaluate 0: 


mg sin@—+a,,, =ma 


cm 


6 =sin" ELE 
3g 
= sin” ee =| 19.5° 


Remarks: This larger angle makes sense, as the moment of inertia for a given mass 
is larger for a hollow sphere than for a solid one. 
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Picture the Problem The three forces 
acting on the basketball are the weight of 
the ball, the normal force, and the force of 
friction. Because the weight can be 
assumed to be acting at the center of mass, 
and the normal force acts through the 
center of mass, the only force which exerts 
a torque about the center of mass is the 
frictional force. We can use Newton’s 2" 
law to find a system of simultaneous 
equations that we can solve for the 
quantities called for in the problem 
statement. 


(a) Apply Newton’s 2" law in both 


translational and rotational form to the 
ball: 


Because the basketball is rolling 
without slipping we know that: 


Substitute in equation (3) to obtain: 


From Table 9-1 we have: 


Substitute for J) and @ in equation 
(4) and solve for f;: 


YF, =mgsind— f.=ma, 
ye, =F —mgcosé=0 
and 


par =fr=I1,a 


(2) 


(3) 


(4) 


(5) 
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Substitute for f in equation (1) and a=|2gsin0 

solve for a: 

(b) Find f, using equation (5): = 2m(ig sin 6) =| 2mgsin0 
(c) Solve equation (2) for F,,: F. =mgcos@ 

Use the definition of {imax to obtain: Fomax = Me Py, = My COS Ora 
Use the result of part (b) to obtain: 2mgsin6,,,, = H.mg cos 6, 
Solve for Qnax: 6... =| tan"(Su,) 

89 eo 


Picture the Problem The three forces 
acting on the cylinder are the weight of the 
cylinder, the normal force, and the force of 
friction. Because the weight can be 
assumed to be acting at the center of mass, 
and the normal force acts through the 
center of mass, the only force which exerts 
a torque about the center of mass is the 
frictional force. We can use Newton’s 2™ 
law to find a system of simultaneous 
equations that we can solve for the 


quantities called for in the problem 


statement. 
(a) Apply Newton’s 2™ law in both > F, =mgsinOd—- f.=ma, (1) 
translational and rotational form to yy F, = F, —~mgcos 0=0 (2) 
the cylinder: 

and 

Dt hae (3) 
Because the cylinder is rolling We a 
without slipping we know that: r 
Substitute in equation (3) to obtain: r=, a (4) 


From Table 9-1 we have: I, =4mr 
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Substitute for /) and @ in equation 
(4) and solve for f;: 


Substitute for f, in equation (1) and 
solve for a: 


(b) Find f, using equation (5): 


(c) Solve equation (2) for F;: 


Use the definition of fimax to obtain: 


Use the result of part (6) to obtain: 


Solve for O@nax: 


#90 ee 


fr=(bmr?)2= f =+ma (5) 
r 


f,=4mlge sind) = [Frain | 


F. =mgcos@ 


oo = He, = HNg COS Cis 


4mgsin @,,,, = Hmg COS Oa. 


max 


6... =| tan '(3uz,) 


max 


Picture the Problem Let the zero of gravitational potential energy be at the elevation 


where the spheres leave the ramp. The distances the spheres will travel are directly 


proportional to their speeds when they leave the ramp. 


Express the ratio of the distances 
traveled by the two spheres in terms 
of their speeds when they leave the 
ramp: 


Use conservation of mechanical 
energy to find the speed of the 


spheres when they leave the ramp: 


Express Ky for the spheres: 


Substitute in equation (2) to obtain: 


L' _ v'At 7 y! 


a S53 1 
L vAt ov (1) 
AK +AU =0 

or, because K; = U;= 0, 

K, -U, =0 (2) 
K, = K trans + 


2 
=tmv +41 Oo 


2* cm 


yy? 
2 s 
2 2 
=imv ++kmv 
=(1+k)4mv? 
where k is 2/3 for the spherical shell and 2/5 


for the uniform sphere. 


(1+ k)4 mv’ = mgH 
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Solve for v: _ |2gH 
l+k 


Substitute in equation (1) to obtain: L'_ {l+k _ [1+2 1.09 
L Vitek Vie? 
or 
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Picture the Problem Let the subscripts u and h refer to the uniform and thin-walled 
spheres, respectively. Because the cylinders climb to the same height, their kinetic 
energies at the bottom of the incline must be equal. 


Express the total kinetic energy of Ky = Kans + Krop =Z MV +31, 
the thin-walled cylinder at the ; ay , 
ey -—1 ae —— 

bottom of the inclined plane: = 7MVv +5 (n,r a tn 

Express the total kinetic energy of K, = Keane t+ Kip =m," +41," 

the solid cylinder at the bottom of ; \v” : 
i as —1 ' L(4 foes ' 

the inclined plane: = 2 eg ¢ ard oY 

. . 2 
Because the cylinders climb to the im,v" =m,gh 
same height: and 


Divide the first of these equations mv" _ m,gh 
by the second: mv mgh 
Simplify to obtain: 3" = 

Ay? 


Solve for v’: if 
v= 3° 
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Picture the Problem Let the subscripts s 
and c refer to the solid sphere and thin- 
walled cylinder, respectively. Because the 
cylinder and sphere descend from the same 
height, their kinetic energies at the bottom 
of the incline must be equal. The force 
diagram shows the forces acting on the 
solid sphere. We'll use Newton’s 2” law to 
relate the accelerations to the angle of the 
incline and use a constant acceleration to 
relate the accelerations to the distances 
traveled down the incline. 


Apply Newton’s 2" law to the sphere: 


Substitute for /) and @ in equation 
(3) and solve for f;: 


Substitute for f, in equation (1) and 
solve for a: 


Proceed as above for the thin-walled 
cylinder to obtain: 


Using a constant-acceleration 
equation, relate the distance traveled 
down the incline to its acceleration 
and the elapsed time: 


Because As is the same for both objects: 


Substitute for a, and a, to obtain the 
quadratic equation: 


> F, =mgsind— f,=ma, (1) 


> F, =F, -mgcosé =0, (2) 
and 
y Hira he (3) 


a 
ire (Emr? E> Sf, =2ma, 


a, =2gsin0 
a, =+gsin0 


As =v, At +4a(Aty 


or, because vo = 0, 


As = 4a(At)’ (4) 
at; =a,t, 
where 


2 =(t,+2.4) =t? +4.82, +5.76 


provided ¢, and ft, are in seconds. 


t? +4.8t,+5.76 = 22 
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Solve for the positive root to obtain: t, =12.3s 
Substitute in equation (4), simplify, ; Pee As 
0 =sin 
and solve for 0: 5 pe 
Substitute numerical values and = [ 14(3 m) 
: @=sin 5 5 
evaluate 0: | 5(9.81 m/s? \(12.3s) 


-[oF | 
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Picture the Problem The kinetic energy of the wheel is the sum of its translational and 
rotational kinetic energies. Because the wheel is a composite object, we can model its 
moment of inertia by treating the rim as a cylindrical shell and the spokes as rods. 


Express the kinetic energy of the RE Ray TB 
wheel: =1M,.v t+ begs 
y? 
=1M,,v + Ly 


where Met = Miim + AM poke 


Express the moment of inertia of | ae Oe ae Gere 
the wheel: =M RR? + a(L M goeR?) 
afi rim aay +M spoke \R? 


Substitute for J... in the equation ‘ 7 Fi 7 y- 
for K: K = gM V +> L(V in aia ee \R ie 


=| (M + M sin, )+3 M vote WV? 


tot 


Substitute numerical values and K= [4 (7.8 kg+3 kg) +4 (1 2 kg)| (6 m/ s) 


evaluate K: o 
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Picture the Problem Let / represent the 
combined mass of the two disks and their 
connecting rod and / their moment of 
inertia. The object’s initial potential energy 
is transformed into translational and 
rotational kinetic energy as it rolls down 
the incline. The force diagram shows the 
forces acting on this composite object as it 
rolls down the incline. Application of 
Newton’s 2™ law will allow us to derive an 
expression for the acceleration of the 
object. 


(a) Apply Newton’s 2™ law to the 
disks and rod: 


Eliminate f, and @ between 
equations (1) and (3) and solve for a 
to obtain: 


Express the moment of inertia of the 
two disks plus connecting rod: 


Substitute numerical values and 
evaluate J: 


Substitute in equation (4) and 
evaluate a: 


(b) Find @ from a: 


> F, = Mg sind - f, = Ma, (1) 
DF, =F, —Mgcos@=0, (2) 
and 
>» = fr =la (3) 
a= Hgsne (4) 
Ma 
r 


i= 21 sist ee 
—9(1 2 1 2 
a 2(4 Mag R )+ 7 Mog? 


_ 241 2 
= Mgg Ro + 3M yoal 


I = (20kg)(0.3m) +4(Ikg)(0.02m/) 
=1.80kg-m? 


(41kg)(9.81 m/s?) sin30° 
1.80kg-m° 
(0.02 m) 


=| 0.0443 m/s” 


Alkg+ 


a_ 0.0443 m/s? 
Q = — = ——__—_ = | 2.2 I rad/s’ 
ar 


(c) Express the kinetic energy of 
translation of the disks-plus-rod 
when it has rolled a distance As 
down the incline: 


Using a constant-acceleration 
equation, relate the speed of the 
disks-plus-rod to their acceleration 


and the distance moved: 


Substitute to obtain: 


(d) Express the rotational kinetic 


energy of the disks after rolling 2 m 


in terms of their initial potential 


energy and their translational kinetic 


energy: 


Substitute numerical values and 
evaluate Kot: 
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v? =v) +2aAs 


or, because vo = 0, 


v’ = 2aAs 

Bag - MaX&s 
= (41kg)(0.0443 m/s?)(2m) 
=| 3.63J 

Kn = U; 3 | rer > Mgh = Bogus 


K,. =(41kg)(9.81m/s? )(2m)sin30° 
~3.63] 


-[3557] 


Picture the Problem We can express the coordinates of point P as the sum of the 


coordinates of the center of the wheel and the coordinates, relative to the center of the 


wheel, of the tip of the vector 7, . Differentiation of these expressions with respect to time 


will give us the x and y components of the velocity of point P. 


(a) Express the coordinates of point 
P relative to the center of the wheel: 


Because the coordinates of the 
center of the circle are _X and R: 


x=r, cos? 
and 
y=rsind 


(xp,.yp)=| (X +n, cosO,R +1, sind) 
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(6) Differentiate xp to obtain: 


Note that 
Ee ee ct O= are 
dt dt R 


Differentiate yp to obtain: 


do 
Because =-O= 
dt 


(c) Calculate v-r: 


(d) Express v in terms of its components: 


Express 7 in terms of its components: 


Divide v by r to obtain: 


Vee (x +1, c056) 
=, sina 
peelie oeine 
R 
d dé 
Vp, =—(R+7 sin @)=7, cos 8: — 
Py a 0 ) 0 dt 
r 
Ver= sig eas 
V-T=VpP, + Vpl, 
(7+ sino fr cos 0) 
R 
— (e Cos air +r, sin) 
R 
vay, tv, 
2 2 
= ||[V+ sing | + Barn, 
R R 
r 2 
=Vj1+2~sind+— > 


*QG eve 
Picture the Problem Let the letter B 
identify the block and the letter C the 
cylinder. We can find the accelerations of 
the block and cylinder by applying 
Newton’s 2” law and solving the resulting 
equations simultaneously. 


Apply DF = ma, to the block: 
Apply > F. = ma, to the cylinder: 
Apply > Tom = Lcq@ to the cylinder: 


Substitute for /cq in equation (3) 
and solve for f=" to obtain: 


Relate the acceleration of the block 
to the acceleration of the cylinder: 


Equate equations (2) and (4) and 
substitute from (5) to obtain: 


Substitute equation (4) in equation (1) 
and substitute for ac to obtain: 


Solve for apg: 
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Picture the Problem Let the letter B 
identify the block and the letter C the 
cylinder. In this problem, as in Problem 97, 
we can find the accelerations of the block 
and cylinder by applying Newton’s 2" law 
and solving the resulting equations 
simultaneously. 
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(1) 
f =Mag, (2) 
SR = Toy (3) 
f =iMRa (4) 


dg =a, +d 
or, because dcp = —Rais the acceleration 


of the cylinder relative to the block, 
ao =a,—Ra 


and 
Ra =a, - ae (5) 
Ay = 3a, 
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Apply we = ma,,to the block: 


Apply DF, = ma, to the cylinder: 


Apply by Tom = Lcq@ to the cylinder: 


Substitute for /¢y in equation (3) 
and solve for f: 


Relate the acceleration of the block 
to the acceleration of the cylinder: 


(a) Solve for a and substitute for ag 
to obtain: 


(6) Equate equations (2) and (4) and 
substitute (5) to obtain: 


From equations (1) and (4) we 
obtain: 


Solve for apg: 


Substitute to obtain the linear 


acceleration of the cylinder relative 
to the table: 


F- f=ma, (1) 
f =Ma,, (2) 
SR = Tey (3) 
f =1MRa (4) 


Ao = ag + ac 
or, because dcg = —Ra, 
Ao =a, —-Ra 


and 
Ra =d,-a (5) 


a cae 
2 
R(M +3m) 


From the force diagram it is evident 


that the torque and, therefore, q@ is in 


the counterclockwise direction. 


(c) Express the acceleration of the 
cylinder relative to the block: 
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Picture the Problem Let the system 
include the earth, the cylinder, and the 


block. Then F is an external force that 


changes the energy of the system by doing 


work on it. We can find the kinetic energy 
of the block from its speed when it has 
traveled a distance d. We can find the 


kinetic energy of the cylinder from the sum 


of its translational and rotational kinetic 


energies. In part (c) we can add the kinetic 


energies of the block and the cylinder to 
show that their sum is the work done by 
F in displacing the system a distance d. 


(a) Express the kinetic energy of the block: 


Using a constant-acceleration 
equation, relate the velocity of the 
block to its acceleration and the 
distance traveled: 

Substitute to obtain: 

Apply ye, = ma,,to the block: 


Apply > - = ma, to the cylinder: 


Apply » Tom = Icey to the 


cylinder: 


Substitute for Joy in equation (4) 
and solve for f: 


Relate the acceleration of the block 
to the acceleration of the cylinder: 
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don = Ag — Gy =A, —34, =—2Gg 
_|__2F 
M +3m 
y 
Fy 
! f 
m =X 
F 
mg 
Ez, 
Kg = Wg: block = dmv; 
Vg =v, + 2a,d 
or, because the block starts from rest, 
2 

Vz = 2a,d 
K, =4m(2a,d)=ma,d (1) 
F -f =ma, (2) 
t =Ma,, (3) 
AR = Ley (4) 
f = 7MRa (5) 


ac = ag + dcp 


or, because acp = —Ra, 
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Equate equations (3) and (5) and 
substitute in (6) to obtain: 


Substitute equation (5) in equation 
(2) and use a, = 3a, to obtain: 


Solve for apg: 


Substitute in equation (1) to obtain: 


(b) Express the total kinetic energy of 
the cylinder: 


In part (a) it was established that: 


Integrate both sides of the equation 
with respect to time to obtain: 


Substitute the initial conditions to obtain: 


Substitute in our expression for vcg 
to obtain: 


Substitute for Joy and vcp in 
equation (7) to obtain: 


and 

Ra =a, - a (6) 
az = 3a 

PF — Ma, =ma, 

or 


F 
ap = 
m+5M 
_| md 
° | m+iM 

= 4 2 1 2 

Ky - Kite a Kees =I 7M, a alo @ 
2 (7) 
Spel Vos 
= Mv + slo R 


where Von = Vo —Vp,- 
ay =3a, 


Vz =3v, +constant 


where the constant of integration is 
determined by the initial conditions that vc 
= 0 when vz = 0. 


constant = 0 


and 
Vp =3Ve 
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Because Vo =+Vz: Vo =tv, 
It part (a) it was established that: i = 2a,d 
and 
F 
ap ; 
m+ 3M 
Substitute to obtain: 5 F 
a 5 (24,4) za (ok 
m+34M 
_.. 2Fd 
9(m +3M ) 
Substitute in equation (8) to obtain: : Fd 
Ko = 3M 1 
9(m +5;M ) 
_ MFd 
3(m +4M ) 
(c) Express the total kinetic energy Ki = Kg + Ky 
of the system and simplify to obtain: mFd MFd 
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Picture the Problem The forces 
responsible for the rotation of the gears are 
shown in the diagram to the right. The 
forces acting through the centers of mass of 


g 
the two gears have been omitted because \ r 
they produce no torque. We can apply f Oo) 
F 


2N 


Newton’s 2" law in rotational form to 
obtain the equations of motion of the gears 
and the not slipping condition to relate 
their angular accelerations. 


(a) Apply rala to the gears to 2Nm— PK, = 1a; (1) 
obtain their equations of motion: and 
FR, = 1,0, (2) 


where F is the force keeping the gears from 
slipping with respect to each other. 


Because the gears do not slip Ra, =R,a, 
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relative to each other, the tangential or 
accelerations of the points where R, ; 
they are in contact must be the a R: ee (3) 
same: 2 
Divide equation (1) by R; to obtain: 2N-m FP v6 
=—a 

R, R, 
Divide equation (2) by R, to obtain: F re 

=—a 

ft 
Add these equations to obtain: 2N-m_ J, fs 
—— ,+a, 


Use equation (3) to eliminate a: 2N-m_ J, I, 


Solve for a to obtain: _ 2N-m 
oe 
I,+ ity 7 
Zi, 

Substitute numerical values and 2N-m 
evaluate a: a = Oni 

lke? 16kg-m’ 

. 2( mye : ) 


=| 0.400rad/s” 
Use equation (3) to evaluate a: a = 1(0.400 rad/s”) = 0.200 rad/s 


(6) To counterbalance the 2-N-m 2N-m-FR, =0 

torque, a counter torque of 2 N-m and 

must be applied to the first gear. Use ONiem. ON 

equation (2) with @ = 0 to find F: Fe= = =| 4.00N 


RK, ~ 0.5m 
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Picture the Problem Let 7 be the radius of 
the marble, m its mass, R the radius of the 
large sphere, and v the speed of the marble 
when it breaks contact with the sphere. The 
numeral | denotes the initial configuration 
of the sphere-marble system and the 
numeral 2 is configuration as the marble 
separates from the sphere. We can use 
conservation of energy to relate the initial 
potential energy of the marble to the sum 
of its translational and rotational kinetic 
energies as it leaves the sphere. Our choice 
of the zero of potential energy is shown on 
the diagram. 


(a) Apply conservation of energy: AU + AK =0 
or 


U,=-U,FK, =, =0 
Because U, = K, = 0: —~mg|R+r—(R+r)cos6] 
+1mv’* +1Io’ =0 


or 


—mg|(R+r)(1—cos8)| 


+1mv’ +4Io° =0 


Use the rolling-without-slipping — mg|(R + r)(I —Ccos 6)| 
condition to eliminate @: yr 
+imv’ +41 =0 
r 
From Table 9-1 we have: T=2mr’ 
Substitute to obtain: —mg|(R+r)(1-cos6)| 


2 
it pgta 12 2) = 
+4tmv +4(2mr 7 =0 

r 

or 


= mg|(R +r)(1—cos 6)| 


+4mv? +1mv* =0 


2 Lar 
Solve for v’ to obtain: Pn a(R 4 r\(I —cos 6) 


2 


Apply DF = ma, to the marble as 


: mg cos@ =m 
it separates from the sphere: R+r 


or 
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Substitute for v’: 


Solve for and evaluate 0: 


p-— 
Cos ARF) 

1 10 
cosé Teale +r)( 0) 


(b)| point where the ball leaves the sphere, meaning that the force of 


The force of friction is always less than z, multiplied by the normal 


force on the marble. However, the normal force decreases to 0 at the 


friction must be less than the force needed to keep the ball rolling 


without slipping before it leaves the sphere. 


Rolling With Slipping 
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Picture the Problem Part (a) of this problem is identical to Example 9-16. In part (6) we 


can use the definitions of translational and rotational kinetic energy to find the ratio of the 


final and initial kinetic energies. 


(a) From Example 9-16: 


(5) When the ball rolls without 
slipping, v; =rq@. Express the final 
kinetic energy of the ball: 


12-4, 
Ss; =| — 
49 1.8 
t= = Yo , and 
TUS 
J 5 
Y= 58h, = 7 Vo 
K; = K cans eer 
=1Mvy+14I0° 


_1 2, 1(2 44,2)” 
=7My, +4(2Mr ey 


Te 2_ 5 2 
=77 My, =7My 


Express the ratio of the final and 
initial kinetic energies: 


(c) Substitute in the expressions in 
(a) to obtain: 
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12. (8m/s) 


= = 26.6 
* 49 (0.06)(9.81 m/s?) = 


2 8m/s 

17 (9.06)(9.81mis?) 3.885 | 
5 

» =5(6mi) = [STim] 


Picture the Problem The cue stick’s blow delivers a rotational impulse as well as a 


translational impulse to the cue ball. The rotational impulse changes the angular 


momentum of the ball and the translational impulse changes its linear momentum. 


Express the rotational impulse Prot 
as the product of the average torque 
and the time during which the 
rotational impulse acts: 


Express the average torque it 


produces about an axis through the 
center of the ball: 


Substitute in the expression for Prot 
to obtain: 


The translational impulse is also 
given by: 


Substitute to obtain: 


Solve for a: 


P. 


rot 


=T,,At 


T = P(h—r)sind = P,(h—-r) 
where @ (= 90°) is the angle between F 
and the lever arm h — r. 


P= Pi(h-r)At = (RAt)(h-r) 
= Prams — 1 = AL = la, 


P. 


trans 


= PAt = Ap = my, 
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Picture the Problem The angular velocity 
of the rotating sphere will decrease until 
the condition for rolling without slipping is 
satisfied and then it will begin to roll. The 
force diagram shows the forces acting on 
the sphere. We can apply Newton’s 2™ law 
to the sphere and use the condition for 


rolling without slipping to find the speed of 


TPE IT EE —TTTTTTTT * 


the center of mass when the sphere begins fe 
to roll without slipping. mg 
Relate the velocity of the sphere v=aAt (1) 
when it begins to roll to its 
acceleration and the elapsed time: 
Apply Newton’s 2" law to the YF, =f, =ma, (2) 
sphere: YF, =F, —mg=0, (3) 
and 
SH ir Hie (4) 
Using the definition of f, and F, a= (,g 
from equation (3), substitute in 
equation (2) and solve for a: 
Substitute in equation (1) to obtain: v=aAt = 1, gAt (5) 
Solve for @ in equation (4): ye nig _ mar _ 5 Ag 


Express the angular speed of the 
sphere when it has been moving for r 
a time At: 


Express the condition that the v=rao 
sphere rolls without slipping: 


Substitute from equations (5) and 
(6) and solve for the elapsed time 7 Mg 
until the sphere begins to roll: 
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Use equation (4) to find v when the 27TH, | 27a, 
; v= U,gAt = = 

sphere begins to roll: 7 Ug 7 
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Picture the Problem The sharp force 
delivers a rotational impulse as well as a 
translational impulse to the ball. The y 
rotational impulse changes the angular 
momentum of the ball and the translational 
impulse changes its linear momentum. In 
parts (c) and (d) we can apply Newton’s 2" 
law to the ball to obtain equations 
describing both the translational and 
rotational motion of the ball. We can then 
solve these equations to find the constant 


. TTI ETT ToT a ia AT a a a Td 
accelerations that allow us to apply Ii 
constant-acceleration equations to find the . 
velocity of the ball when it begins to roll mg 
and its sliding time. 

(a) Relate the translational impulse Pans = L'yyAt = Ap = mvp 
delivered to the ball to its change in 
its momentum: 
Solve for vo: _ tgt 

Vy = 

m 

Substitute numerical values and 20kN)(2x10™s 
evaluate vo: 0.02kg 
(b) Express the rotational impulse Pop = Tay At 
Py as the product of the average 
torque and the time during which 
the rotational impulse acts: 
Letting h be the height at which the T,, =Fesind 
impulsive force is delivered, express where @is the angle between F and the 
the average torque it produces about lever arm ¢. 


an axis through the center of the ball: 


Substitute h —r for ¢ and 90° for 0 Ty = F(h-r) 
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to obtain: 


Substitute in the expression for Pyro 
to obtain: 


Because Pirans = FAS: 


Express the translational impulse 
delivered to the cue ball: 


Substitute for Pian; to obtain: 
Solve for @: 


Substitute numerical values and 
evaluate @: 


(c) and (d) Relate the velocity of the 
ball when it begins to roll to its 
acceleration and the elapsed time: 


Apply Newton’s 2" law to the ball: 


Using the definition of f, and F,, 
from equation (3), substitute in 
equation (2) and solve for a: 


Substitute in equation (1) to obtain: 


Solve for @ in equation (4): 


P 


trans 


= PAt = Ap = my, 


2 2 = 
=mr' OW, = MV, 


5v,(h—r) 

Ea 

_ 5(200m/s)(0.09m —0.05m) 

: 2(.05m) 

=| 8000rad/s 
v=adt (1) 
DF =f =a, (2) 
> F, =F, -mg =0, (3) 
and 
Ee == 16 (4) 
a= Ug 
v=aAt = “1, gAt (5) 
sets mar _ 5 Ag 


Express the angular speed of the ball 
when it has been moving for a time 
At: 


Express the speed of the ball when it 
has been moving for a time At: 


Express the condition that the ball 
rolls without slipping: 


Substitute from equations (6) and 
(7) and solve for the elapsed time 


until the ball begins to roll: 


Substitute numerical values and 
evaluate Af: 


Use equation (4) to express v when 
the ball begins to roll: 


Substitute numerical values and 
evaluate v: 
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Spee 
2r 


(6) 


v= Vo + Ly gAt (7) 


V=rqo 
ie 2 1D) —Vo 
7 Ag 


2| (0.05m)(8000 rad/s)— 200 m/s 
At = 
7 (0.5)(9.81m/s?) 


=|11.6s 


v=vy+u,gAt 


v = 200 m/s + (0.5)(9.81m/s? )(11.6s) 
=| 257m/s 


Picture the Problem Because the impulse is applied through the center of mass, 


@ = 0. We can use the results of Example 9-16 to find the rolling time without slipping, 


the distance traveled to rolling without slipping, and the velocity of the ball once it begins 


to roll without slipping. 


(a) From Example 9-16 we have: 


Substitute numerical values and 
evaluate ¢,: 


(6) From Example 9-16 we have: 


Si 


_2 W 


7 Ug 


2 4m/s 
7 (0.6)(9.81m/s’) 


=| 0.194s 


1 — 


_ A e 


49 pg 
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Substitute numerical values and 
evaluate s1: 


(c) From Example 9-16 we have: 


Substitute numerical values and 
evaluate v: 
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Picture the Problem Because the 
impulsive force is applied below the center 
line, the spin is backward, i.e., the ball will 
slow down. We’ll use the impulse- 
momentum theorem and Newton’s 2™ law 
to find the linear and rotational velocities 
and accelerations of the ball and constant- 
acceleration equations to relate these 
quantities to each other and to the elapsed 
time to rolling without slipping. 


(a) Express the rotational impulse 
delivered to the ball: 


Solve for a: 


(b) Apply Newton’s 2™ law to the 
ball to obtain: 


Using the definition of f, and F, 
from equation (2), solve for a: 


Using a constant-acceleration 
equation, relate the angular speed of 
the ball to its acceleration: 


12 (4m/s/)’ 
= =| 0.666 
* 49 (0.6)(0.81m/s") eres | 


vi =TVo 


2R 
yt 
fi 
wg 
Pe = MVor = MVo aa Lm 
= (2 mR? )a, 
Sv 
Mo = ak 
Yahi ale (1) 
> F, =F, —mg =0, (2) 
and 
»F, =-f, =ma (3) 
oy = HamgR _ MmgR _ 4.8 
ie 2mR? —-2R 
5 
=), +aAt =a, + PB ay 
2R 


Using the definition of f, and F), 
from equation (2), solve equation 
(3) for a: 


Using a constant-acceleration 
equation, relate the speed of the ball 


to its acceleration: 


Impose the condition for rolling 
without slipping to obtain: 


Solve for At: 


Substitute in equation (4) to obtain: 


(c) Express the initial kinetic energy 
of the ball: 


(d) Express the work done by friction 
in terms of the initial and final kinetic 
energies of the ball: 


Express the final kinetic energy of the 
ball: 


Substitute to find W;,: 
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a=—-MS§ 


v=yv, +aAt =v, — 4,gAt (4) 


ne “a 
21 Kg 
yates 16 v% 5 
0 H&S 21 us, & 31° 
=| 0.238y, 
K, = : Gane ail =1mv, +41a, 
2 
5v 19 
= 4m + 4mR?Y =737% 
=| 1.056mv, 
W,, =K,-K; 
K, =Lmv +1/,.0° 


= i m(0.238v, y = 0.0397mv, 


W,, =1.056mv, —0.0397mv, 


- [F167] 
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Picture the Problem The figure shows the 
forces acting on the bowling during the 
sliding phase of its motion. Because the 
ball has a forward spin, the friction force is 
in the direction of motion and will cause 
the ball’s translational speed to increase. 
We’ll apply Newton’s 2" law to find the 
linear and rotational velocities and 
accelerations of the ball and constant- 
acceleration equations to relate these 


quantities to each other and to the elapsed 


time to rolling without slipping. — 

(a) and (b) Relate the velocity of the v=v, +aAt (1) 

ball when it begins to roll to its 

acceleration and the elapsed time: 

Apply Newton’s 2™ law to the ball: > F=f, =ma, (2) 
> F, =F, —mg =0, (3) 
and 
Yak R12 (4) 

Using the definition of f, and Fy, a=L,.g 

from equation (3), substitute in 

equation (2) and solve for a: 

Substitute in equation (1) to obtain: v=v, +aAt =v, + u,gAt (5) 

Solve for a in equation (4): Ae f.R __maR _5 4g 

I, %mR*> 2 -R 
5 
Rela the aneulee speed of the ball Date L& ie 
to its acceleration: 2 R 
ie : 5 

Apply me conde for rolling v=Ro=R a, -— Mf re 

without slipping: 
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2 
V=3y,- pre (6) 
Equate equations (5) and (6) and he 
solve At: 7 fe 
Substitute for At in equation (6) to 1] 
v=—v, =| 1.57v 
obtain: 7 a [1.57% | 
(c) Relate Ax to the average speed of Ax = v,,At = (vy + v)At 
the ball and the time it moves before 11 Ay, 
= 1 
beginning to roll without slipping: = af 7 39) Tu,8 
= 36% _| 735% 
49 M8 M.& 
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Picture the Problem The figure shows the 
forces acting on the cylinder during the 
sliding phase of its motion. The friction 
force will cause the cylinder’s translational 
speed to decrease and eventually satisfy the 
condition for rolling without slipping. 
We’ll use Newton’s 2™ law to find the 
linear and rotational velocities and 
accelerations of the ball and constant- 
acceleration equations to relate these 


quantities to each other and to the distance 
traveled and the elapsed time until the 


satisfaction of the condition for rolling 
without slipping. 


(a) Apply Newton’s 2™ law to the VE =-—f, =Ma, (1) 
cylinder: = = 

and 

Sai =e (3) 
Use fx = 4 to eliminate F;, a=—-U,2g 


between equations (1) and (2) and 
solve for a: 
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Using a constant-acceleration 
equation, relate the speed of the 
cylinder to its acceleration and the 
elapsed time: 


Similarly, eliminate f, between 
equations (2) and (3) and solve for 
a. 


Using a constant-acceleration 
equation, relate the angular speed of 
the cylinder to its acceleration and 
the elapsed time: 


Apply the condition for rolling 
without slipping: 


Solve for At: 


Substitute for At in the expression 
for v: 


(b) Relate the distance the cylinder 
travels to its average speed and the 
elapsed time: 


(c) Express the ratio of the energy 
dissipated in friction to the cylinder’s 
initial mechanical energy: 


Express the kinetic energy of the 
cylinder as it begins to roll without 


slipping: 


v=v, +aAt =v, — ,gAt 


V=V, — 1, gAt = Reo 2 a 


= 2,gAt 


At=—° 
31,8 


de = rad =H +4 “0 
3,8 
5) V5 
| 18 yg 
W;, K,—K; 
K K 
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Substitute for K,and Ky and simplify Wi iMv, -i My 
to obtain: K, 7 IMvy 3 
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Picture the Problem The forces acting on 
the ball as it slides across the floor are its 


weight mg, the normal force F’, exerted by 


the floor, and the friction force f. Because 


the weight and normal force act through 
the center of mass of the ball and are equal 
in magnitude, the friction force is the net 
(decelerating) force. We can apply 
Newton’s 2™ law in both translational and 
rotational form to obtain a set of equations 
that we can solve for the acceleration of the 
ball. Once we have determined the ball’s 
acceleration, we can use constant- 
acceleration equations to obtain its velocity 


Ving 
when it begins to roll without slipping. ‘ 
(a) Apply > F = ma to the ball: DF, =—f=ma (1) 
and 
DF, =F, —mg =0 (2) 
From the definition of the S=hLE, (3) 
coefficient of kinetic friction we 
have: 
Solve equation (2) for F,,: F. =mg 
Substitute in equation (3) to obtain: f =4"u,mg 
Substitute in equation (1) to obtain: — £4,.mg =ma 
or 
a=—MK& 
Apply yt = [a to the ball: fr=la 
Solve for @ to obtain: ce ir _ umer 
I I 
Assuming that the coefficient of v, —vV =aAt = —u,gAt (4) 
kinetic friction is constant*, we and 


can use constant-acceleration — 
equations to describe how long O, = fad otha At (5) 
it will take the ball to begin I 
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rolling without slipping: 


Once rolling without slipping V; 
has been established, we also QO; = oe (6) 
have: 
Equate equations (5) and (6): Vv, — gmr ue 
ro 
Solve for At: Ai vel 
HM, gmr 
Substitute in equation (4) to obtain: ae 
f 
a a 2 
H,gmr 
mr: * 
Solve for v¢: 1 
vp 7 v 
Ca 
mr 
(b) Express the total kinetic 1 2B 


l 28 
energy of the ball: cS oe: . oy lo; 


Because the ball is now rolling without slipping, v = r@, and: 


2 2 9 2 
= a patsy an Vad mw? (1+ 7/mr?) — 
2 \1+I/mr 2 \1l4+I/mr r 2 1+J//mr 


t.... % 1 
= MV 
> 14+] /mr? 


* Remarks: This assumption is not necessary. One can use the impulse-momentum 
theorem and the related theorem for torque and change in angular momentum to 
prove that the result holds for an arbitrary frictional force acting on the ball, so long 
as the ball moves along a straight line and the force is directed opposite to the 
direction of motion of the ball. 


General Problems 
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Picture the Problem The angular velocity of an object is the ratio of the number of 
revolutions it makes in a given period of time to the elapsed time. 
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The moon’s angular velocity is: ae lrev 
27.3days 
lrev 2arad_liday_ th 


x x x 


~27.3days. tev 24h 3600s 


=| 2.66x10° rad/s 
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Picture the Problem The moment of inertia of the hoop, about an axis perpendicular to 
the plane of the hoop and through its edge, is related to its moment of inertia with respect 
to an axis through its center of mass by the parallel axis theorem. 


Apply the parallel axis theorem: T=1,,, + Mh? = MR? + MR? =| 2mR? 
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Picture the Problem The force you exert on the rope results in a net torque that 
accelerates the merry-go-round. The moment of inertia of the merry-go-round, its angular 
acceleration, and the torque you apply are related through Newton’s 2™ law. 


(a) Using a constant-acceleration AO = @,At+ La(Ar y 
equation, relate the angular or, because @ = 0 
displacement of the merry-go-round 2 

P mys a0 =4a(Ai) 
to its angular acceleration and 


acceleration time: 


Solve for and evaluate a: a= a = 2(2n rad) =| 0.0873 rad/s” 
(Az) (12s) 


(b) Use the definition of torque to obtain: t=Fr= (260 N)(2.2 m) —|572N-m 


(c) Use Newton’s 2™ law to find the pa Ete 572N-m 


moment of inertia of the merry-go- a 0.0873 rad/s’ 
poune =[6.55x10° kg-m? | 
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Picture the Problem Because there are no 
horizontal forces acting on the stick, the 
center of mass of the stick will not move in 
the horizontal direction. Choose a 
coordinate system in which the origin is at 
the horizontal position of the center of 
mass. The diagram shows the stick in its 
initial raised position and when it has fallen 
to the ice. 


Express the displacement of the right 
end of the stick Ax as the difference 
between the position coordinates x, 
and x2: 


Using trigonometry, find the initial 
coordinate of the right end of the 
stick: 


Because the center of mass has not 
moved horizontally: 


Substitute to find the displacement of 
the right end of the stick: 
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Ax =x, —X, 


x, = £cos6 = (1m)cos30° = 0.866m 


x,=f=lm 


Ax = 1m —0.866m =| 0.134m | 


Picture the Problem The force applied to the string results in a torque about the center 


of mass of the disk that accelerates it. We can relate these quantities to the moment of 


inertia of the disk through Newton’s 2™ law and then use constant-acceleration equations 


to find the disk’s angular velocity the angle through which it has rotated in a given period 


of time. The disk’s rotational kinetic energy can be found from its definition. 


(a) Use the definition of torque to 
obtain: 


(b) Use Newton’s 2™ law to express 
the angular acceleration of the disk 
in terms of the net torque acting on 
it and its moment of inertia: 


Substitute numerical values and 
evaluate a: 


(c) Using a constant-acceleration 
equation, relate the angular velocity 
of the disk to its angular 


t = FR =(20N)(0.12m)=| 2.40N-m 


2(2.40N-m) 


sds (Re 


@=Q,+aAt 


or, because @ = 0, 
@ = at 
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acceleration and the elapsed time: 


Substitute numerical values and O= (66.7 rad/s” (5 s) = 


evaluate @: 


(d) Use the definition of rotational K 
kinetic energy to obtain: 


Substitute numerical values and K,, =+(5kg)(0.12m) (333rad/s) 
evaluate Kyot! 
=| 2.00kJ 

(e) Using a constant-acceleration AO = @,At+ La(Aty 
equation, relate the angle through or, because a = 0 
which the disk turns to its angular AO = a( Aty 
acceleration and the elapsed time: : 
Substitute numerical values and AO = 1(66.7 rad/s” \(s s) —| 834rad 
evaluate A@: 

E Kint f : 
(f) Express K in terms of rand 0 K =1]@" =4(£ Jeary =Lqr(aty 
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Picture the Problem The diagram shows 
the rod in its initial horizontal position and 


position. The center of mass is denoted by 
the numerals 0 and 1. Let the length of the = / 
rod be represented by LZ and its mass by m. 


then, later, as it swings through its vertical | [e- ; } 


We can use Newton’s 2™ law in rotational 
form to find, first, the angular acceleration | — — — —u,=0 
of the rod and then, from — . 

a, the acceleration of any point on the rod. 
We can use conservation of energy to find 
the angular velocity of the center of mass 


of the rod when it is vertical and then use 
this value to find its linear velocity. 


(a) Relate the acceleration of the L 
center of the rod to the angular 2 
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acceleration of the rod: 


Use Newton’s 2” law to relate the 
torque about the suspension point of 
the rod (exerted by the weight of the 
rod) to the rod’s angular 
acceleration: 


Substitute numerical values and 
evaluate a: 


Substitute numerical values and 
evaluate a: 


(5) Relate the acceleration of the 
end of the rod to a: 


(c) Relate the linear velocity of the 
center of mass of the rod to its 
angular velocity as it passes through 
the vertical: 


Use conservation of energy to relate 
the changes in the kinetic and 
potential energies of the rod as it 
swings from its initial horizontal 
orientation through its vertical 
orientation: 


Substitute to obtain: 


Substitute for Ah and solve for @: 


Substitute to obtain: 


Substitute numerical values and evaluate v: 


pot OD 
I IMP 2L 
2 
_30.81m/s") _ 19 4 reais? 
2(0.8m) 


a =+(0.8m)(18.4rad/s*)=[ 7.36m/s" | 


Ang = La =(0.8 m)(18.4rad/s’ ) 
=| 14.7m/s* 


AK +AU = K,-K,+U,-U, =0 


or, because Kp = U, = 0, 


Ret 20 
+1,@° =mgAh 
»- PE 

L 


v= 4,/3(9.81m/s”)(0.8m) =| 2.43 m/s 
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Picture the Problem Let the zero of gravitational potential energy be at the bottom of 


the track. The initial potential energy of the marble is transformed into translational and 


rotational kinetic energy as it rolls down the track to its lowest point and then, because 


the portion of the track to the right is frictionless, into translational kinetic energy and, 


eventually, into gravitational potential energy. 


Using conservation of energy, relate 
hy to the kinetic energy of the 
marble at the bottom of the track: 


Substitute for Kjand Urto obtain: 


Solve for ho: 


Using conservation of energy, relate 


h, to the kinetic energy of the 
marble at the bottom of the track: 


Substitute for Krand U; to obtain: 
Substitute for J and solve for v’ to 


obtain: 


Substitute in equation (1) to obtain: 


*117 ee 


AK +AU =0 
or, because K¢= U; = 0, 
—K,+U, =0 
—1LMv’ - Mgh, =0 

2 

y 
h, =— 1 
2-35 (1) 
AK +AU =0 
or, because K; = Us= 0, 
K, -U, =0 


+ Mv* +41@* — Mgh, =0 


=> 
is) 

II 
GQ 
= 

II 

aln 
= 


Picture the Problem To stop the wheel, the tangential force will have to do an amount of 


work equal to the initial rotational kinetic energy of the wheel. We can find the stopping 


torque and the force from the average power delivered by the force during the slowing of 


the wheel. The number of revolutions made by the wheel as it stops can be found from a 


constant-acceleration equation. 


(a) Relate the work that must be 
done to stop the wheel to its kinetic 
energy: 
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Substitute numerical values and 
evaluate W: 


(5) Express the stopping torque is 
terms of the average power 
required: 


Solve for 7: 


Substitute numerical values and 
evaluate 7: 


Relate the stopping torque to the 
magnitude of the required force and 
solve for F: 


(c) Using a constant-acceleration 
equation, relate the angular 
displacement of the wheel to its 
average angular velocity and the 
stopping time: 


Substitute numerical values and 
evaluate AG 
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W =+(120kg)(1.4m) 


7 
«| 1100 rev . 2nrad | a 


min rev 60s 


=| 780kJ 


780kJ 
(2.5min)(60s/min) 


mn (1100 rev/min )(2z rad/rev)(1 min/60s) 


2 
=| 90.3N-m 
pal —203Nm_ 151 N 
R 0.6m 
A@ =a, At 


Ad= ( eum as min) 


=| 1380rev 


Picture the Problem The work done by the four children on the merry-go-round will 


change its kinetic energy. We can use the work-energy theorem to relate the work done 


by the children to the distance they ran and Newton’s 2™ law to find the angular 


acceleration of the merry-go-round. 


(a) Use the work-kinetic energy 
theorem to relate the work done by 
the children to the kinetic energy of 
the merry-go-round: 


Substitute for J and solve for As to obtain: 


Substitute numerical values and 
evaluate As: 


(b) Apply Newton’s 2™ law to 
express the angular acceleration of 
the merry-go-round: 


Substitute numerical values and 
evaluate a: 


(c) Use the definition of work to 
relate the force exerted by each 
child to the distance over which that 
force is exerted: 


(d) Relate the kinetic energy of the 
merry-go-round to the work that 


was done on it: 


Substitute numerical values and 
evaluate Wnet force! 
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Waa force — AK 
or 
4FAs =410° 
om Ilo — imr’o _ mo 

8F 8F 16F 

2 
(240kg\(2 m) = a] 
2.88 rev 
As = 
16(26N) 

ga ihe 4Fr - 8F 

I imr? mr 

Oo 0.433 rad/s° 
(240kg)(2m) 


W = FAs =(26N)(11.6m) = 


W. 


net force 


= AK = K,-0=4FAs 


W, 


rece = 4(26N)(11.6m) = 


Picture the Problem Because the center of mass of the hoop is at its center, we can use 


Newton’s second law to relate the acceleration of the hoop to the net force acting on it. 


The distance moved by the center of the hoop can be determined using a constant- 


acceleration equation, as can the angular velocity of the hoop. 


(a) Using a constant-acceleration 
equation, relate the distance the 


As = bagq(At) 
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center of the travels in 3 s to the 
acceleration of its center of mass: 


Relate the acceleration of the center Pg 
of mass of the hoop to the net force m 
acting on it: 


Substitute to obtain: . 
Ag = Plat) 
2m 
Substitute numerical values and (5 N)(3 s) 
As = ~*~ =| 15.0m 
evaluate As: 2(1 5 kg) 
(b) Relate the angular velocity of the o=ant 


hoop to its angular acceleration and 
the elapsed time: 


Use Newton’s 2” law to relate the on. 
angular acceleration of the hoop to I mR* mR 


the net torque acting on it: 


Substitute to obtain: Apes FAt 
mR 
Substitute numerical values and a (5 N)(3 s) 7 
= =| 15.4rad/s 
evaluate a: (1.5kg)(0.65m) 
120 ° 


Picture the Problem Let R represent the radius of the grinding wheel, M its mass, r the 
radius of the handle, and m the mass of the load attached to the handle. In the absence of 
information to the contrary, we’ll treat the 25-kg load as though it were concentrated at a 
point. Let the zero of gravitational potential energy be where the 25-kg load is at its 
lowest point. We’ll apply Newton’s 2™ law and the conservation of mechanical energy to 
determine the initial angular acceleration and the maximum angular velocity of the 


wheel. 
(a) Use Newton’s 2™ law to relate a Tet mgr 
the acceleration of the wheel to the I 1 MR* + mr? 


net torque acting on it: 


Substitute numerical values and 
evaluate a: 


(b) Use the conservation of 
mechanical energy to relate the 
initial potential energy of the load to 
its kinetic energy and the rotational 
kinetic energy of the wheel when 
the load is directly below the center 
of mass of the wheel: 


Substitute and solve for a: 


Substitute numerical values and 
evaluate a: 
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Picture the Problem Let the smaller block 


have the dimensions shown in the diagram. 
Then the length, height, and width of the 
larger block are S@, Sh, and Sw, 
respectively. Let the numeral 1 denote the 
smaller block and the numeral 2 the larger 
block and express the ratios of the surface 
areas, masses, and moments of inertia of 
the two blocks. 


(a) Express the ratio of the surface 
areas of the two blocks: 
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___(25kg)(9.81m/s?)(0.65m) 
“ T(60kg)(0.45m) + (25kg)(0.65m) 


=| 9. 58rad/s” 


AK +AU =0 
or, because K; = Us= 0, 
K + K-4 —U, =0. 


f,trans f,rot 


tmv +4(LMR?)o” —mgr=0, 


4mr*@? +4MR*o* —mer =0, 


and 
= 4megr 
_— V 2mr? + MR? 
ee 4(25kg)(9.81m/s?)(0.65m) 
\ 2(25kg)(0.65m) +(60kg)(0.45m) 


-[ 38d 


A, _ 2(Sw)(S2)+2(S£)(SA)+ 2(Sw)(SA) 


A, 2we +2¢h+2wh 


_ S?(2we +2¢h + 2wh) 
2wl+2¢h+2wh 
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(6) Express the ratio of the masses 
of the two blocks: 


(c) Express the ratio of the moments 
of inertia, about the axis shown in 
the diagram, of the two blocks: 


In part (6) we showed that: 


Substitute to obtain: 
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M, _ pV, _V2_ (Sw)(Sé)(SA) 


M, py V, wh 
_ S(wlh) _ $3 
wh 

I, _#M,|(SeP +(Say | 

i, t$mM|[e+n’| 
_M,8|e+H]_ (mu 
ie eae) ae 

M, _3 

M, 

I 

1 (9) [5 


Picture the Problem We can derive the perpendicular-axis theorem for planar objects by 


following the step-by-step procedure outlined in the problem. 


(a) and (b) 


(c) Let the z axis be the axis of 


rotation of the disk. By symmetry: 


Express /, in terms of J: 


Letting M represent the mass of the 
disk, solve for J,: 
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i, =[r°dm = f(r +y?)dm 


= [x?am+ | y’dm 
=|1,4+/, 

T, =i 

I, =21, 


Picture the Problem Let the zero of gravitational potential energy be at the center of the 


disk when it is directly below the pivot. The initial gravitational potential energy of the 


disk is transformed into rotational kinetic energy when its center of mass is directly 


below the pivot. We can use Newton’s 2” law to relate the force exerted by the pivot to 


the weight of the disk and the centripetal force acting on it at its lowest point. 


(a) Use the conservation of 
mechanical energy to relate the 
initial potential energy of the disk to 
its kinetic energy when its center of 
mass is directly below the pivot: 


Substitute for K,,,, and U; : 


f,rot 


Use the parallel-axis theorem to 
relate the moment of inertia of the 
disk about the pivot to its moment of 
inertia with respect to an axis 
through its center of mass: 


Solve equation (1) for @ and 
substitute for / to obtain: 


(b) Letting F' represent the force 
exerted by the pivot, use Newton’s 
2" law to express the net force 
acting on the swinging disk as it 
passes through its lowest point: 


Solve for F and simplify to obtain: 
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Picture the Problem The diagram shows a 
vertical cross-piece. Because we’ll need to 
take moments about the point of rotation 
(point P), we’ ll need to use the parallel- 
axis theorem to find the moments of inertia 
of the two parts of this composite structure. 
Let the numeral | denote the vertical 
member and the numeral 2 the horizontal 
member. We can apply Newton’s 2™ law 
in rotational form to the structure to 
express its angular acceleration in terms of 
the net torque causing it to fall and its 
moment of inertia with respect to point P. 
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AK +AU =0 
or, because K; = U;=0, 
Ket ~U; =9 


frot 


(1) 


F.,, = F -Mg = Mra’ 


F =Mg+Mra’ = Mg + Mr 
r 
= ee = [i 
~ t a 
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(a) Taking clockwise rotation to be 
positive (this is the direction the 
structure is going to rotate), apply 


re lice 


Solve for @ to obtain: 


Convert /,,/,,and w to SI units: 


Using Table 9-1 and the parallel- 
axis theorem, express the moment of 
inertia of the vertical member about 
an axis through point P: 


Substitute numerical values and 
evaluate /;p: 


Using the parallel-axis theorem, 
express the moment of inertia of the 
horizontal member about an axis 
through point P: 


Solve for d: 


Substitute numerical values and evaluate d: 


pes m,gl, —m,gw 
21> 
or 
ie g(m,l, —mw) (1) 
(Typ + 1p) 


PE Or een ar 


3.281 ft 
FES eee et 
3.281 ft 
prone =0¢i0m 
3.281 ft 


Ip = (350kg)|#(3.66m) +4(0.610m) | 
=1.60x10°kg-m? 


E. 2p — I 
where 


d° =(¢, +40) +(46,-—w) 


+m,d° (2) 


2,cm 


d=4(¢,+4w) +(, —w) 


d = ,|[3.66m++(0.610m)]’ + [4(1.83m)-0.610m]? =3.86m 


From Table 9-1 we have: 


Substitute in equation (2) to obtain: 


es 2 
Ly om = Fz Mol} 


2,cm 


eae | 2 2: 
Typ = jzMyl, + md 


= m, (02 +d’) 
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Evaluate Jyp: i= (1 75 kgs (1 83 m) + (3.86 m) | 
= 2.66x10° kg-m?* 


Substitute in equation (1) and evaluate a: 


ee (9.81 m/s’ )[(175kg)(1.83m)—(350kg)(0.61m)] _ 1rd | 


2(1.60+ 2.66)x10°kg-m? 


(b) Express the magnitude of the a=aR 

acceleration of the sparrow: where R is the distance of the sparrow from 
the point of rotation and 
R* =(¢,+w) +(¢,-w) 


Ive for R: 
ae R= (¢,+w) +(¢,-w 
Substitute numerical values and evaluate R: 


R=(3.66m+0.610m) +(1.83m—0.610m) =4.44m 


Substitute numerical values and evaluate a: g = (0. 123 rad/s” \(4.44 m) 


=| 0.546m/s* 


(c) Refer to the diagram to express a, £,+w 
in terms of a: a, =acosO=a 


Substitute numerical values and % 
evaluate ay: a, = (0.546 m/s ) 


3.66m+0.61m 
4.44m 
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Picture the Problem Let the zero of fe 
gravitational potential energy be at the : 
bottom of the incline. The initial potential 
energy of the spool is transformed into 
rotational and translational kinetic energy 
when the spool reaches the bottom of the 
incline. We can apply the conservation of 
mechanical energy to find an expression 
for its speed at that location. The force 
diagram shows the forces acting on the 
spool when there is enough friction to keep 


it from slipping. We’ll use Newton’s 2™ 
law in both translational and rotational 
form to derive an expression for the static 
friction force. 


(a) In the absence of friction, the The spool will move down the plane 


forces acting on the spool will be its at constant acceleration, spinning in 


Wetene the nommal sores exe a counterclockwise direction as string 


the incline, and the tension in the . 
unwinds. 


string. A component of its weight will 
cause the spool to accelerate down the 
incline and the tension in the string 
will exert a torque that will cause 
counterclockwise rotation of the 


spool. 

Use the conservation of mechanical AK + AU =0 

energy to relate the speed of the center or, because Kj = Ur = 0, 
of mass of the spool at the bottom of IS pie FE gg 0, = 0. 


the slope to its initial potential energy: 


Substitute for K ptans>K gro and U; : > Mv* +5 1o* —-MgDsin@=0 (1) 


f,trans ? 


Substitute for w and solve for v to 


2 
1 2 v : = 
Abia + Mv Ta eee 


and 


(b) Apply Newton’s 2” law to the spool: 


Eliminate T between these equations to 
obtain: 
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> F, =Mgsind -T - f, =0 


pa =Tr-f,R=0 
f= Mesne , up the incline. 
R 
L+— 
ia 


Picture the Problem While the angular acceleration of the rod is the same at each point 


along its length, the linear acceleration and, hence, the force exerted on each coin by the 


rod, varies along its length. We can relate this force the linear acceleration of the rod 


through Newton’s 2™ law and the angular acceleration of the rod. 


Letting x be the distance from the 
pivot, use Newton’s 2" law to 
express the force F acting on a coin: 
Use Newton’s 2” law to relate the 
angular acceleration of the system to 


the net torque acting on it: 


Relate a(x) and a: 


Substitute in equation (1) to obtain: 


Evaluate F(0.25 m): 


Evaluate F(0.5 m): 


Evaluate F(0.75 m): 


Evaluate F(1 m): 
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Fig = Mg - F(x) = ma(x) 


F(x)=m(g—a(x)) (1) 


a(x)=xa=x 3g ma 


2(1.5m 


F(x) =m(g- gx) =mg(1- x) 


F(0.25m) = mg(1—0.25m) = 
F (0.5m) = mg(1-0.5m)= 


F(0.75m) = mg(1—0.75m) =| 0.25mg 


F(Im) = F(1.25m)= F(1.5m)=|0| 


Picture the Problem The diagram shows the force the hand supporting the meterstick 
exerts at the pivot point and the force the earth exerts on the meterstick acting at the 
center of mass. We can relate the angular acceleration to the acceleration of the end of the 
meterstick using a = La@ and use Newton’s 2™ law in rotational form to relate a to the 


moment of inertia of the meterstick. 
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Frand 


cm 


(a) Relate the acceleration of the far 
end of the meterstick to the angular 
acceleration of the meterstick: 


Apply Diep = I1,a@ to the 
meterstick: 


Solve for a: 


From Table 9-1, for a rod pivoted at 
one end, we have: 


Substitute to obtain: 
Substitute in equation (1) to obtain: 


Substitute numerical values and 
evaluate a: 


(b) Express the acceleration of a 
point on the meterstick a distance x 
from the pivot point: 


Express the condition that the 
meterstick leaves the penny behind: 


Substitute to obtain: 


Solve for and evaluate x: 


Mg 
a=La 
£ 
Me($)=1a 
MeL 
Of: 
Dgees 
i = 5 ML 
7 3MegL _ og: 
2ML 2L 
gee 
2 
_ 3(9.81m/s?) 
0) 
poe = 
1, 
a>g 
3g 
—x> 
yen 
, 2L _ 21m) _ 


(1) 


=| 14.7m/s” 


66.7cm 
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Picture the Problem Let m represent the 0.2-kg mass, M the 0.8-kg mass of the cylinder, 


L the 1.8-m length, and x + Ax the distance from the center of the objects whose mass is 


m. We can use Newton’s 2" law to relate the radial forces on the masses to the spring’s 


stiffness constant and use the work-energy theorem to find the work done as the system 


accelerates to its final angular speed. 


(a) Express the net inward force 
acting on each of the 0.2-kg masses: 


Solve for k: 


Substitute numerical values and 
evaluate k: 


(6) Using the work-energy theorem, 
relate the work done to the change 
in energy of the system: 


Express / as the sum of the moments 
of inertia of the cylinder and the 
masses: 


From Table 9-1 we have, for a solid 
cylinder about a diameter through 
its center: 


For a disk (thin cylinder), Z is small 
and: 


Apply the parallel-axis theorem to obtain: 


Substitute to obtain: 


Substitute numerical values and evaluate /: 


> Fragiaa = KAx = m(x+ Ax)o? 


radial 


—_ m(x + Ax)@” 
Ax 
j, — (0.2kg)(0.8m)(24 rad/s) 
7 0.4m 
=| 230N/m 
W = Kot + PAN Oe (1) 
=1]@? +1k(Axy 
i= Ly + Lym 


=1Mr?+iML +21, 


—1 2 1 2 
f= mr +4, mL 


where L is the length of the cylinder. 


= fil 2, 2 
1, =4¢mr +mx 


1 =4.Mr? +4,ML +2(tmr? + mx’) 


= 1 Mr’ + 4 ML’ + 2m(Lr? + x?) 
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I =4(0.8kg)(0.2m)° +;4(0.8kg)(1.8my +2(0.2kg)|t (0.2m) +(0.8m) | 
= 0.492N-m’ 


Substitute in equation (1) to obtain: 


W =+(0.492N-m?)(24 rad/s) +4(230N/m)(0.4m)° = 
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Picture the Problem Let m represent the 0.2-kg mass, M the 0.8-kg mass of the cylinder, 
L the 1.8-m length, and x + Ax the distance from the center of the objects whose mass is 
m. We can use Newton’s 2" law to relate the radial forces on the masses to the spring’s 
stiffness constant and use the work-energy theorem to find the work done as the system 
accelerates to its final angular speed. 


Using the work-energy theorem, W=K,,, + AU. spring 
1) 
relate the work done to the change 2 ( 
8 =1]@* +14k(Ax) 
in energy of the system: 
Express J as the sum of the moments es Or ie 
of inertia of the cylinder and the vs Mr? + a ME +21 
masses: 
From Table 9-1 we have, for a solid l= tmr? + mL 
cylinder about a diameter through where L is the length of the cylinder. 
its center: 
For a disk (thin cylinder), Z is small I= tmr? 
and: 
Apply the parallel-axis theorem to 1,= tmr? +mx? 
obtain: 
Substitute to obtain: T=1Mr?+4ML + (4 mr? +mx >) 
=1Mr’ ea r 2 ag) 


Substitute numerical values and evaluate /: 


T 


1 =4(0.8kg)(0.2mJ +4,(0.8kg)(1.8m) +2(0.2kg)|+(0.2m) +(0.8m) | 
= 0.492N-m? 


Express the net inward force acting 
on each of the 0.2-kg masses: 


Solve for @: 


Substitute numerical values and 
evaluate @: 


Substitute numerical values in 
equation (1) to obtain: 
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Picture the Problem The force diagram 
shows the forces acting on the cylinder. 
Because F causes the cylinder to rotate 
clockwise, f; which opposes this motion, is 
to the right. We can use Newton’s 2™ law 
in both translational and rotational forms to 
relate the linear and angular accelerations 


to the forces acting on the cylinder. 


(a) Use Newton’s 2™ law to relate the 
angular acceleration of the center of 
mass of the cylinder to F: 


Use Newton’s 2™ law to relate the 
acceleration of the center of mass of 
the cylinder to F: 


Express the rolling-without-slipping 
condition to the accelerations: 


(6) Take the point of contact with the 
floor as the "pivot" point, express the 
net torque about that point, and solve 
for a: 
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yen =kAx= m(x + Ax)o? 


KAX 
o= |——_ 
\ m(x+ Ax) 
(60N/m)(0.4m) 
= EN a 
© (0.2kg)(0.8m) wane 


W =+(0.492N-m?)(12.2 rad/s)’ 
+4(60N/m)(0.4m) 


- [a] 


oy = ine . FR 2k 
I tMR* MR 
ie F 
Gon = Te tore 
M M 
F 
q' = 4m =“ =] 24 
R MR 
C9 =2PR =a 
and 
2FR 
L=- 
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Express the moment of inertia of the 
cylinder with respect to the pivot 


point: 


Substitute to obtain: 


Express the linear acceleration of the 
cylinder: 


Apply Newton’s 2™ law to the forces 
acting on the cylinder: 


Solve for f: 
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IT =1MR?* + MR* =3MR’ 


ee) 
3MR* 3MR 
Qom = RA = a 
3M 


=| +F in the positive x direction. 


Picture the Problem As the load falls, mechanical energy is conserved. As in Example 
9-7, choose the initial potential energy to be zero. Apply conservation of mechanical 

energy to obtain an expression for the speed of the bucket as a function of its position and 
use the given expression for ¢ to determine the time required for the bucket to travel a 


distance y. 


Apply conservation of mechanical energy: 


Express the total potential energy 
when the bucket has fallen a 
distance y: 


Assume the cable is uniform and 
express m,’ in terms of m,, y, and L: 


Substitute to obtain: 


U,+K, =U,+K,=0+0=0 (I) 


U, =U, tU 4 +Uy; 


a 


where m,’ is the mass of the hanging part 
of the cable. 


Noting that bucket, cable, and rim of 
the winch have the same speed v, 
express the total kinetic energy when 
the bucket is falling with speed v: 


Substitute in equation (1) to obtain: 


Solve for v: 
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Ky = Kye + Kee + Kye 


= 2 1 2 1 2 
=zmv +zmv + 51a; 


2. 
may + 8) 


M +2m+2m, 


A spreadsheet solution is shown below. The formulas used to calculate the quantities in 


the columns are as follows: 


Cell Formula/Content Algebraic Form 
D9 0 Yo 
D10 D9+$B$8 ytAy 
E9 0 Vo 
E10 | ((4*$B$3*$B$7*D10+2*$B$7*D1042/(2*$B$5))/ 2m_gy? 
($B$1+2*$B$3+2*$B$4))‘0.5 4mgy + 7 
M+2m+2m, 
F10 F9+$B$8/((E10+E9)/2) yo+y 
ts»t [a Jay 
2 
J9 0.5*$B$7*H9%2 1 gf? 
A B Cc D E F G H I J 
1 M= | 10 kg 
2 R= | 0.5 m 
3 m= | 5 kg 
4 mc= | 3.5 kg 
5 L= | 10 m 
6 
7 g= | 9.81 | m/s2 
8 dy= | 0.1 m y v(y) | tly) t(y) y 1/2gt*2 
9 0.0 0.00 | 0.00 0.00 | 0.0 0.00 
10 0.1 0.85 | 0.23 0.23 | 0.1 0.27 
11 0.2 1.21 | 0.33 0.33 | 0.2 0.54 
12 0.3 1.48 | 0.41 0.41 | 0.3 0.81 
13 0.4 1.71 | 0.47 0.47 | 0.4 1.08 
15 0.5 1.91 | 0.52 0.52 | 0.5 135 
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105 9.6 9.03 | 2.24 2.24 | 9.6 24.61 
106 9.7 9.08 | 2.25 2.25 | 9.7 24.85 
107 9.8 9.13 | 2.26 2.26 | 9.8 25.09 
108 9.9 9.19 | 2.27 2.27 | 9.9 25.34 
109 10.0 | 9.24 | 2.28 2.28 | 10.0 | 25.58 


The solid line on the graph shown below shows the position y of the bucket when it is in 
free fall and the dashed line shows y under the conditions modeled in this problem. 


== ay 


free fall 


y (m) 


t (s) 
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Picture the Problem The pictorial 
representation shows the forces acting on 
the cylinder when it is stationary. First, we 
note that if the tension is small, then there 
can be no slipping, and the system must 
roll. Now consider the point of contact of 
the cylinder with the surface as the “pivot” 
point. If z about that point is zero, the 
system will not roll. This will occur if the 
line of action of the tension passes through 
the pivot point. 


From the diagram we see that: 
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Picture the Problem Free-body diagrams 
for the pulley and the two blocks are shown 
to the right. Choose a coordinate system in 
which the direction of motion of the block 
whose mass is M (downward) is the 
positive y direction. We can use the given 


relationship 7"... = Te“*”’ to relate the 


tensions in the rope on either side of the 7 
pulley and apply Newton’s 2™ law in both : 
rotational form (to the pulley) and m 
translational form (to the blocks) to obtain 

a system of equations that we can solve ms 
simultaneously for a, 7, T,, and M. 


(a) Use T'.,,,, = Te““*’ to evaluate ‘ie (lON)e3”" =| 25.7N 
the maximum tension required to 

prevent the rope from slipping on 

the pulley: 


(c) Given that the angle of wrap is Tete" 22577, (1) 
radians, express 7> in terms of 7}: 


Because the rope doesn’t slip, we 
can relate the angular acceleration, 
a, of the pulley to the acceleration, 


a 
a, of the hanging masses by: a= = 
Apply YF, = ma, to the two T, —mg =ma (2) 
blocks to obtain: and 
Mg -T, = Ma (3) 
Apply > tT = Ia to the pulley to (7, _T\ _72 (4) 
obtain: r 


Substitute for 7, from equation (1) 


a 
in equation (4) to obtain: (2.577, = T,)r =[ a 


Solve for 7; and substitute Z I 0.35kg-m° 
1 in: = a= a 
numerical values to obtain: 1757/2 1.57(0.15 my (5) 
=(9.91kg)a 


Substitute in equation (2) to obtain: (9.91kg)a —mg =ma 
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Solve for and evaluate a: mg g 
—9.91kg-m  9.91kg_ 
m 
9.81m/s* 5) 
= 901k r =|1.10m/s 
lkg 
(5) Solve equation (3) for Mv: Me ie 
= = 
Substitute in equation (5) to find 7;: T= (9.91kg)(1.10m/s?)= 10.9N 
Substitute in equation (1) to find 7): L= (2.57)(10.9 N) =28.0N 
Evaluate M: 28.0N 
M= =| S.21k 
9.81m/s? —1.10m/s” 
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Picture the Problem When the tension is horizontal, the cylinder will roll forward and 
the friction force will be in the direction of T. We can use Newton’s 2" law to obtain 
equations that we can solve simultaneously for a and f- 


(a) Apply Newton’s 2™ law to the DF, _=T+f=ma (1) 
cylinder: and 

Vic =Tr- fR= la (2) 
Substitute for J and @ in equation (2) Tr — fR = 1 mR? ie: 1mRa (3) 
to obtain: , R ? 
Solve equation (3) for f: Tf 4 

=—_-— ;ma 4 

hg R 2 (4) 
Substitute equation (4) in equation _— 2r iw 5) 
(1) and solve for a: 3m R 
Substitute equation (5) in equation | ff ar 1 
(4) to obtain: i= 3\ Rr. 


(b) Equation (4) gives the 2T r 
: a 1+— 
acceleration of the center of mass: 3m R 


T 
(c) Express the condition that a > —: 
m 


(a)Ifr>tR: 
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Picture the Problem The system is shown 
in the drawing in two positions, with angles 
& and @ with the vertical. The drawing also 
shows all the forces that act on the stick. 
These forces result in a rotation of the 
stick—and its center of mass—about the 
pivot, and a tangential acceleration of the 
center of mass. We’ll apply the 
conservation of mechanical energy and 
Newton’s 2" law to relate the radial and 
tangential forces acting on the stick. 


Use the conservation of mechanical 
energy to relate the kinetic energy of 
the stick when it makes an angle 0 
with the vertical and its initial 
potential energy: 


Substitute for J and solve for a: 


Express the centripetal force acting 
on the center of mass: 


Express the radial component of Mg: 


Express the total radial force at the 
hinge: 
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2T r T 2 r 

1+ >—>—|1+ >1 
3m R m 3 R 
r>|sR 


f >0,1.e., in the direction of rT, 


K,-K,+U,—-U, =0 
or, because Ks= 0, 


L L 
—1I@° + Mg : cos@ — Mg 5 cos@, =0 


ao ==£ (cos -cos6,) 


F=M <0! 
2 
L 3g 
= M ——> (cos@-—cosé 
£38 ° 


= ue (cos 0 — cos, ) 


(Mg) cit = Mg cos@ 


Py =F. + Mg)radiat 
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= _ (cos 0 —cos, )+ Mg cos0 


=| 1 Mg(5cos @—3cos6, ) 


Relate the tangential acceleration of Gi-7 Le 
the center of mass to its angular 
acceleration: 


Use Newton’s 2” law to relate the Lp 

i ; Mg —sin0@ . 
angular acceleration of the stick to the yet = 2 = 3g sind 
net torque acting on it: I LMP 2L 
Express a, in terms of a: a\=4 La= 3 gsinO= gsinO+ F\/M 


Solve for F’, to obtain: F.=- where the minus sign 


indicates that the force is directed 
oppositely to the tangential component of 


MG. 


Chapter 10 
Conservation of Angular Momentum 


Conceptual Problems 


*] . 
(a) True. The cross product of the vectors Aand B is defined to be Ax B = ABsin Qn. 
If Aand Bare parallel, sing = 0. 


(b) True. By definition, @ is along the axis. 


(c) True. The direction of a torque exerted by a force is determined by the definition of 
the cross product. 


2 e 
Determine the Concept The cross product of the vectors A and B is defined to be 


Ax B = ABsin gn. Hence, the cross product is a maximum when sing = 1. This 


condition is satisfied provided Aand Bare perpendicular. | (c) 1s correct. 


3 e 
Determine the Concept L and 7p are related according to L =F x p. From this 
definition of the cross product, Land Pp are perpendicular; i.e., the angle between them 


is 90°. 


4 e 
Determine the Concept LZ and Pp are related according to L = F x p. Because the 


motion is along a line that passes through point P, r = 0 and so is L. | (6) is correct. 


#5 ee 


Determine the Concept L and p are related according to L =r x p. 


(a) Because L is directly proportional Doubling p doubles L. 
to p: 

(b) Because L is directly proportional Doubling F doubles L. | 
to F : 


13) 


736 Chapter 10 


6 ee 
Determine the Concept The figure shows 


straight line (i.e., with constant velocity 
rsingd 


a particle moving with constant speed in a a 
| 
and constant linear momentum). The | 
| 


magnitude of L is given by vpsing= 
mv(rsing). . 


Referring to the diagram, note that the distance rsing from P to the line along which the 
particle is moving is constant. Hence, mv(rsing) is constant and so Lis constant. 


7 e 
False. The net torque acting on a rotating system equals the change in the system’s 
= dL/dt , where L = I. Hence, if t 


angular momentum; i.e., 7 is zero, all we can say 


net net 


for sure is that the angular momentum (the product of / and @) is constant. If J changes, 


so musta. 


*§ eo 

Determine the Concept Yes, you can. Imagine rotating the top half of your body with 
arms flat at sides through a (roughly) 90° angle. Because the net angular momentum of 
the system is 0, the bottom half of your body rotates in the opposite direction. Now 
extend your arms out and rotate the top half of your body back. Because the moment of 
inertia of the top half of your body is larger than it was previously, the angle which the 
bottom half of your body rotates through will be smaller, leading to a net rotation. You 
can repeat this process as necessary to rotate through any arbitrary angle. 


9 e 
Determine the Concept If Z is constant, we know that the net torque acting on 
the system is zero. There may be multiple constant or time-dependent torques acting on 


the system as long as the net torque is zero. | (€) is correct. 


10 eo 
Determine the Concept No. In order to do work, a force must act over some distance. In 
each "inelastic collision” the force of static friction does not act through any distance. 


11 ee 
Determine the Concept It is easier to crawl radially outward. In fact, a radially inward 
force is required just to prevent you from sliding outward. 


*12 oe 
Determine the Concept The pull that the student exerts on the block is at right angles to 


its motion and exerts no torque (recall that T =7xF and T=rF sin0 ). Therefore, we 
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can conclude that the angular momentum of the block is conserved. The student does, 
however, do work in displacing the block in the direction of the radial force and so the 


block’s energy increases. | (b) is correct. 


*13 ee 

Determine the Concept The hardboiled egg is solid inside, so everything rotates with a 
uniform velocity. By contrast, it is difficult to get the viscous fluid inside a raw egg to 
start rotating; however, once it is rotating, stopping the shell will not stop the motion of 
the interior fluid, and the egg may start rotating again after momentarily stopping for this 
reason. 


14 - 
False. The relationship T = dL| dt describes the motion of a gyroscope independently of 


whether it is spinning. 


15 

Picture the Problem We can divide the expression for the kinetic energy of the object by 
the expression for its angular momentum to obtain an expression for K as a function of / 
and L. 


Express the rotational kinetic K = slo 
energy of the object: 


Relate the angular momentum of L=Io 
the object to its moment of inertia 
and angular velocity: 


Divide the first of these equations 


K =— and so| (b) is correct. 
21 


by the second and solve for K to 


obtain: 


16° 

Determine the Concept The purpose of the second smaller rotor is to prevent the body 
of the helicopter from rotating. If the rear rotor fails, the body of the helicopter will tend 
to rotate on the main axis due to angular momentum being conserved. 


17 eo 

Determine the Concept One can use a right-hand rule to determine the direction of the 
torque required to turn the angular momentum vector from east to south. Letting the 
fingers of your right hand point east, rotate your wrist until your fingers point south. Note 


that your thumb points downward. | (5) is correct. 
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18 eo 

Determine the Concept In turning east, the man redirects the angular momentum vector 
from north to east by exerting a clockwise torque (viewed from above) on the gyroscope. 
As a consequence of this torque, the front end of the suitcase will dip downward. 


| (d) is correct. 


19 
(a) The lifting of the nose of the plane rotates the angular momentum vector upward. It 
veers to the right in response to the torque associated with the lifting of the nose. 


(6) The angular momentum vector is rotated to the right when the plane turns to the right. 
In turning to the right, the torque points down. The nose will move downward. 


20. ee 

Determine the Concept If L points up and the car travels over a hill or through a 
valley, the force on the wheels on one side (or the other) will increase and car will tend to 
tip. If L points forward and car turns left or right, the front (or rear) of the car will tend 
to lift. These problems can be averted by having two identical flywheels that rotate on the 
same shaft in opposite directions. 


21 ee 
Determine the Concept The rotational kinetic energy of the woman-plus-stool system is 
given by K,, =1tlo° =LV? / 21. Because L is constant (angular momentum is conserved) 


and her moment of inertia is greater with her arms extended, | (5) is correct. 


*22 oe 
Determine the Concept Consider the () 
overhead view of a tether pole and ball ra ™“~ Tether 


shown in the adjoining figure. The ball 
rotates counterclockwise. The torque 
about the center of the pole is clockwise 
and of magnitude RT, where R is the 
pole’s radius and T is the tension. So L 


must decrease and | (e) is correct. 


23 eo 
Determine the Concept The center of mass of the rod-and-putty system moves in a 


straight line, and the system rotates about its center of mass. 
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24 8 
(a) True. The net external torque acting a system equals the rate of change of the angular 
; Pa! 
momentum of the system; i.e., > Text = ae 
ane t 


(b) False. If the net torque on a body is zero, its angular momentum is constant but not 
necessarily zero. 


Estimation and Approximation 


25 ee 

Picture the Problem Because we have no information regarding the mass of the skater, 
we’ ll assume that her body mass (not including her arms) is 50 kg and that each arm has a 
mass of 4 kg. Let’s also assume that her arms are | m long and that her body is 
cylindrical with a radius of 20 cm. Because the net external torque acting on her is zero, 
her angular momentum will remain constant during her pirouette. 


Express the conservation of her angular L, =L, 
momentum during her pirouette: or 

arms out arms out — armsin arms in (1) 
Express her total moment of inertia Dae One On 


with her arms out: 


Tyoay = Emr? = +(50kg)(0.2m) 


cylindrical, calculate its moment of =1.00kg-m 


Treating her body as though it is 
inertia of her body, minus her arms: 


Modeling her arms as though they tf n= al (4 kg)(1 m)'| 
are rods, calculate their moment of = 2.67kg- ae 
inertia when she has them out: 


Substitute to determine her total Temsom = 1-00kg-m? + 2.67 kg +m? 
moment of inertia with her arms out: =3.67kg- fn? 

Express her total moment of inertia sade, pte Tos 

with her arms in: =1,00kg-m? +2|(4kg)(0.2m)| 


=1.32kg-m? 
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Solve equation (1) for Dams in and arms out 
substitute to obtain: apna Ce out 
3.67kg-m? 
= 2 (1.5 rev/s) 
1.32kg-m 
=| 4.17 rev/s 


26 ee 

Picture the Problem We can express the period of the earth’s rotation in terms of its 
angular velocity of rotation and relate its angular velocity to its angular momentum and 
moment of inertia with respect to an axis through its center. We can differentiate this 
expression with respect to / and then use differentials to approximate the changes in J and 
T. 


Express the period of the earth’s 20 
rotation in terms of its angular o 


velocity of rotation: 


Relate the earth’s angular velocity of 


o=— 
rotation to its angular momentum I 
and moment of inertia: 
Substitute to obtain: T= 2a 1 
L 
Find dT/dI: qr _2a_(T 
aq L I 
i . T dl 
Solve for d7/T and approximate AT: aT = di AT & Al, 
I 
Substitute for AZ and / to obtain: AT = a Te 5m Tr 
3M ERE 3M E 
Substitute numerical values and AT = 5(2.3 x10" kg) (1 d) 
evaluate AT: 3(6 x10“ kg 
= 6.39x10%d 
24h 3600s 


= 6.39x10°dx——x 
d 


- [0 


h 


Conservation of Angular Momentum 741 


27 
Picture the Problem We can use L = mvr to find the angular momentum of the particle. 
In (b) we can solve the equation L =./¢(¢+1)h for @ (¢ + 1) and the approximate value of 


L, 
(a) Use the definition of angular L=mvr 
momentum to obtain: = (2 x10° kg)(3 x10° m/s)(4 x10° m) 


=| 2.40x10* kg-m7/s 


‘ 2 
(6) Solve the equation ’ ( Pa 1) _ as 
L=Je(é+1hh for ¢(¢+1): h 
Substitute numerical values and 2.40x10* kg-m?/s : 
evaluate (¢+1): e(e+1)= 1.05x01 Is 


=| 5.22x10” 
Because ¢>>1, approximate its 0x| 2.291079 


value with the square root of 


(¢+1): 


The quantization of angular momentum is not noticed in macroscopic 
(c)| physics because no experiment can differentiate between / = 2x10” and 
6=2x10" 41. 
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Picture the Problem We can use conservation of angular momentum in part (a) to relate 
the before-and-after collapse rotation rates of the sun. In part (6), we can express the 
fractional change in the rotational kinetic energy of the sun as it collapses into a neutron 
star to decide whether its rotational kinetic energy is greater initially or after the collapse. 


(a) Use conservation of angular 1, = 1,0, (1) 
momentum to relate the angular 

momenta of the sun before and after 

its collapse: 


Using the given formula, I, =0.059MR: 
approximate the moment of inertia 5 
I, of the sun before collapse: = 0.059(1 .99x10°° kg) (6.96 x10° km) 


= 5.69x10*° kg-m? 
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Find the moment of inertia /, of the T =2MR? 

sun when it has collapsed into a 8 - . 

spherical neutron star of radius 10 =2(1.99x10 kg)(10km) 

km and uniform mass distribution: ~ 7.96x102” kg: mn 

Substitute in equation (1) and solve a I, Po 5.69x10*° kg- m , 

for @, to obtain: a I, > 7 096x102" ke “ae 
=7.15x10° @, 

Given that @, = 1 rev/25 d, evaluate 

- Pe ert, pas 

. 25d 

=| 2.86x10' rev/d 


The additional rotational kinetic energy comes at the expense of 
gravitational potential energy, which decreases as the sun gets smaller. 


Note that the rotational period decreases by the same factor of /,//, and becomes: 


20 20 


T= = = 3.02x10"s 
M, 9 96197 Vy 2nrad ld . lh 
d rev 24h 3600s 
(b) Express the fractional change in AK K,-K,_ K, 
the sun’s rotational kinetic energy as K = K = K 
: b b b 
a consequence of its collapse and 
simplify to obtain: _ 41? 4 
71,0, 
low 
ee | 
1,@, 


Substitute numerical values and evaluate AK/K;: 


2 
AK 1 2.86x10' rev/d Ap . a 

a 1=| 7.15x10 i.e., the rotational kinetic 
K, Graal lrev/25d ) : 


energy increases by a factor of approximately 7x 10°.) 
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Picture the Problem We can solve J = CMR’ for C and substitute numerical values in 
order to determine an experimental value of C for the earth. We can then compare this 
value to those for a spherical shell and a sphere in which the mass is uniformly 
distributed to decide whether the earth’s mass density is greatest near its core or near its 
crust. 
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(a) Express the moment of inertia of IT =CMR?’ 
the earth in terms of the constant C: 


Solve for C to obtain: I 
C=—, 
MR 
Substitute numerical values and é 8.03x10°’ kg-m?* 
luate C: = 
eee (5.98x 10" kg)(6370km): 


- [0337 


(b) If all of the mass were in the Tera = 2 MR? 
crust, the moment of inertia of the 

earth would be that of a thin 

spherical shell: 

If the mass of the earth were I 2 MR? 


: ae ; a 
uniformly distributed throughout its aes 


volume, its moment of inertia would 


be: 
Because experimentally C < 2/5 = 0.4, the mass density must be greater 
near the center of the earth. 
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Picture the Problem Let’s estimate that the diver with arms extended over head is about 
2.5 m long and has a mass M = 80 kg. We’ll also assume that it is reasonable to model 
the diver as a uniform stick rotating about its center of mass. From the photo, it appears 
that he sprang about 3 m in the air, and that the diving board was about 3 m high. We can 
use these assumptions and estimated quantities, together with their definitions, to 
estimate wand L. 


Express the diver’s angular velocity A@ 
@and angular momentum L: = te (1) 
and 
L=lo (2) 
Using a constant-acceleration At = Atiice3m + Ateanem 
equation, express his time in the air: —— 
= 2M up + 2AV own 
Ve Ve 
Substitute numerical values and 23m 6m 
evaluate Ar: At = ( ) ( ) =1.89s 
\ 9.81m/s 9.81m/s 
Estimate the angle through which he A@ = 0.5rev =z rad 


rotated in 1.89 s: 
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Substitute in equation (1) and evaluate 
O: 


Use the "stick rotating about an axis 
through its center of mass” model to 
approximate the moment of inertia 
of the diver: 


Substitute in equation (2) to obtain: 


Substitute numerical values and 
evaluate L: 


mrad 
O= a9, 7 LL eoradis| 


I=5ML 


L 


+ML’o 
L = 4(80kg)(2.5m) (1.66 rad/s) 


= 69.2kg-m’/s =| 70kg-m7/s 


Remarks: We can check the reasonableness of this estimation in another way. 
Because he rose about 3 m in the air, the initial impulse acting on him must be about 
600 kg-m/s (i.e., J= Ap = My;). If we estimate that the lever arm of the force is 
roughly ¢ = 1.5 m, and the angle between the force exerted by the board and a line 
running from his feet to the center of mass is about 5°, we obtain L = I/sinS° = 78 
kg-m/’/s, which is not too bad considering the approximations made here. 
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Picture the Problem First we assume a spherical diver whose mass M = 80 kg and 
whose diameter, when curled into a ball, is 1 m. We can estimate his angular velocity 
when he has curled himself into a ball from the ratio of his angular momentum to his 
moment of inertia. To estimate his angular momentum, we’ ll guess that the lever arm ¢ of 
the force that launches him from the diving board is about 1.5 m and that the angle 
between the force exerted by the board and a line running from his feet to the center of 


mass is about 5°. 


Express the diver’s angular velocity 
awhen he curls himself into a ball 
in mid-dive: 


Using a constant-acceleration 
equation, relate the speed with 
which he left the diving board vo to 
his maximum height Ay and our 
estimate of his angle with the 
vertical direction: 


Solve for vo: 


Substitute numerical values and 
evaluate vo: 


o=— 1 
7 (1) 
0 =Vo» + 2a,Ay 
where 
Voy = Vy cos5° 
| 2gAy 
y= 
° Vos? 5° 
2(9.81m/s? )(3 
Vv) _ v2 s*)(m) =7.70m/s 


cos5° 


Approximate the impulse acting on 
the diver to launch him with the 
speed vo: 


Letting ¢ represent the lever arm of 
the force acting on the diver as he 
leaves the diving board, express his 
angular momentum: 


Use the "uniform sphere” model to 
approximate the moment of inertia 


of the diver: 


Substitute in equation (1) to obtain: 


Substitute numerical values and 
evaluate a: 
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I[=Ap=M, 


L=Iésin5° = Mv, ésin 5° 


ia My,ésin5° — 5v)ésin 5° 


2 MR’ 2R° 


5(7.70 m/s)(1.5m)sin 5° 
O= 5) 
2(0.5m) 


- [Toa | 


Picture the Problem We’|l assume that he launches himself at an angle of 45° with the 
horizontal with his arms spread wide, and then pulls them in to increase his rotational 
speed during the jump. We’ll also assume that we can model him as a 2-m long cylinder 
with an average radius of 0.15 m and a mass of 60 kg. We can then find his take-off 
speed and "air time” using constant-acceleration equations, and use the latter, together 
with the definition of rotational velocity, to find his initial rotational velocity. Finally, we 
can apply conservation of angular momentum to find his initial angular momentum. 


Using a constant-acceleration 


equation, relate his takeoff speed vo to 


his maximum elevation Ay: 


Solve for vo to obtain: 


Substitute numerical values and 
evaluate vo: 


Use its definition to express 
Goebel’s angular velocity: 


Use a constant-acceleration 
equation to express Goebel’s "air 
time” At: 


ro i + 2a,Ay 


or, because voy = vosin45°, v = 0, and 


ay ~— §; 
0=¥ sin’? 45° —2gAy 


y -.| 284v_ _ v28Ay 


° Vsin? 45° sin 45° 


(2(9.81m/s’)(0.6m) 
Vo = 7 
sin45° 


A@é 
@=— 
At 


At = ZAL ice 0.6m = a 
\ g 


4.85m/s 
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Substitute numerical values and 
a 0.6 m) 
evaluate Ar: At = 2 981m/s? = 0.699s 


Substitute numerical values and Arev 2xrad 
evaluate o: oO= 0699s x ae =| 36.0rad/s 
Use conservation of angular 1,0 =lo 


momentum to relate his take-off 
angular velocity @ to his average 
angular velocity was he performs a 
quadruple Lutz: 


Assuming that he can change his 
angular momentum by a factor of 2 
by pulling his arms in, solve for and 


QD, = a5 = (6 rad/s) =| 18.0rad/s 
vf 2 


0 


evaluate a: 
Express his take-off angular Lat, 
momentum: 

: i _ (1.2) 2 
Assuming that we can model him as i= a(t mr )= mr 


a solid cylinder of length @ with an 
average radius r and mass m, 
express his moment of inertia with 
arms drawn in (his take-off 


where the factor of 2 represents our 
assumption that he can double his moment 
of inertia by extending his arms. 


configuration): 

Substitute to obtain: i= mr, 

Substitute numerical values and a (60 kg)(0. 15 m) (1 8 rad/s) 
evaluate Lo: " 


=| 24.3kg-m°/s 


Vector Nature of Rotation 
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Picture the Problem We can express F and F in terms of the unit vectors i and jand 


then use the definition of the cross product to find T. 


Express F in terms of F and the unit F=-Fi 
vector I: 
Express r in terms of R and the unit r= Rj 


vector j: 
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Calculate the cross product of r and t=rxF=FR (7. —j ) 
— = FR(xj)= 
34 


Picture the Problem We can find the torque is the cross product of r and F. 


Compute the cross product of # and F : t=7xF = (xf + le mej) 
= —mexli x j )|—mgy\jx j 


- me 
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Picture the Problem The cross product of the vectors A = Aji +A A 
and B = Bi Se B, jis given by 
Ax B= A,B (i xi)+ 4,B, (ix j)+ 4,B,(jxi)+ 4,B, (7x) 
= A.B,(0)+ A,B, (é)+ 4,B,(-k)+ 4,B, (0) 
= A.B, (k)+ 4,B,(-k) 


(a) Find AxB for A =4i and Ax B =4i (67 +6j) 
B=6i + 6j: = 24(7 xi) +24(? x j) 


(b) Find Ax B for A =4i and Ax B = 4i x(67 + 6%) 
B =6i+6k: = 24(F xi) 24(F x) 
=24(0)+24(- j)=[-24] | 
(c) Find Ax B ford=27 +37 Ax B = (27 +37)? +2]) 
and B=3i +2): = ffxi) + 4(F x j)+9(jx2) 
+6(7xj) 


= 6(0)+4(k)+9(-£)+ 6(0) 
=|-5k 
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Picture the Problem The magnitude of Ax Bis given by|AB sin 6| . 


Equate the magnitudes of AxB 
and A-B: 


Solve for @to obtain: 
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Picture the Problem Let r be in the xy 
plane. Then @ points in the positive z 
direction. We can establish the results 
called for in this problem by forming the 
appropriate cross products and by 
differentiating v. 


(a) Express @ using unit vectors: 


Express / using unit vectors: 


Form the cross product of @ and F : 


(b) Differentiate v with respect to ¢ to 
express @: 


|AB sin 6| ~ |AB cos 6| 
= [sin 6| = |cos 6| 


or 
tand =+1 


6 = tan '+1=| + 45° or +135° 


=vj 
v=oxr 
~. dv diy. . 
a=—_ = — 
dt A ) 
do .~ . ar 
=—xr+o@x— 
dt dt 
do ~ . . 
=—xr+@xy 
dt 
= 4, + @x(@xF) 
=a,+4a 


where 4, =| @x(@xF) 


and a, and @,are the tangential and 
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centripetal accelerations, respectively. 
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Picture the Problem Because B, = 0, we can express Bas B= Bi + Bij and form its 


cross product with A to determine B, and B,. 


Express B in terms of its components: B= Bi +B vd (1) 
Express Ax B: Ax B = 4i x (i + B,j)= 4B k =12k 
Solve for B,: B, =3 

Relate B to B, and B,: Be =B?+ BY 

Solve for and evaluate B,: B,= /B 2 B* = 52 2a? 4 
Substitute in equation (1): B=| 41+3] 

39 


Picture the Problem We can write B in the form B = Bi + Bj + Bk and use the dot 


product of A and B to find B, and their cross product to find B, and B.. 


Express B in terms of its components: B= Bi ~ Bij + Bk (1) 
Evaluate A-B: A-B=3B, =12 
and 
B,=4 
Evaluate A x B: AxB =3jx(B.i+4j+Bk) 
=-3B k+3B.i 
Because Ax B =9i: B, = 0 and B, = 3. 


Substitute in equation (1) to obtain: B=|4j+3k 
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Picture the Problem The dot product of A with the cross product of B and C isa scalar 


a. Ga, O, 


quantity and can be expressed in determinant formas |b, 6, b,|. We can expand this 


Cc, C Cc 


x y 5-4 


determinant by minors to show that it is equivalent to A: (B xC ., C. (A x B) , and 


B.(Cx A). 


The dot product of A with the cross 


product of Band C isa scalar 
quantity and can be expressed in 
determinant form as: 


Expand the determinant by minors 
to obtain: 


Evaluate the cross product of B and 
C to obtain: 


Form the dot product of Awith 
B x C to obtain: 


Because (1) and (2) are the same, 
we can conclude that: 


Proceed as above to establish that: 


a, a, @, 
A(BxC)=|b, b, b, 

x c, Zz 
GL. «Dy 
b, D b, = a,b,c, —a,b,c, 
6. ky ty 


+a,b,c,—a,b.c, (1) 


000,20 ,, 


BxC= (b,c. =D ji 
+ (b.c, —b.c, \j + (b,c, - Bic, Mi 


A: (B xC )= abc, — a,b,c, 


+006, - ape, (2) 


+0)¢.—a)c, 


Zoxy 


a, a,, Zz 
A(BxC)=|b, b, 2b, 
Cy cy c, 

x y a, 
C-(AxB)=|b, b, b, 
Cc. cy Cc, 


and 
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41 
Picture the Problem Let, without loss of generality, the vector C lie along the x axis and 


the vector B lie in the xy plane as shown below to the left. The diagram to the right 
shows the parallelepiped spanned by the three vectors. We can apply the definitions of 


the cross- and dot-products to show that A: (B xC ) is the volume of the parallelepiped. 


B 


Bsin@ / 
/ 
e ~~ x 
rod 

Express the cross-product of B and C: BxC =(BCsin o)(-k) 

and 

iB x C =(Bsin@)C 

= area of the parallelogram 

Form the dot-product of A with the A- (B x C) = A(B sin O)C cos @ 
cross-product of B and C to obtain: = (BC sin 6)( Acos ¢) 


= (area of base)(height) 


= VF sidielbeead 
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Picture the Problem Draw the triangle 
using the three vectors as shown below. 
Note that A+ B =C. We can find the 
magnitude of the cross product of Aand 

B and of Aand C and then use the cross 
product of Aand C, using A+B=C,to 
show that ACsinb = ABsinc or 

B/sin b = C/ sin c. Proceeding similarly, we 


can extend the law of sines to the third side 
of the triangle and the angle opposite it. 
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Express the magnitude of the cross 
product of A and B: 


Express the magnitude of the cross 
product of A and C: 


Form the cross product of Awith 
C to obtain: 


Because AxC = Ax B: 
Simplify and rewrite this expression 
to obtain: 


Proceed similarly to extend this 
result to the law of sines: 


Angular Momentum 


43° 


|4xB = ABsinc 


|AxC| = ACsinb 


= Ax A+AxB 

= AxB 
because Ax A=0. 
|4xC|=|4xB 


and 
ACsinb = ABsinc 


BC 
sind sine 
A B C 


sina sinb_ sinc 


Picture the Problem L and p are related according to L = Fx p. If L=0, then 


examination of the magnitude of r x p will allow us to conclude that sin ¢ = 0 and that 


the particle is moving either directly toward the point, directly away from the point, or 


through the point. 


Because L= 0: 


Express the magnitude of rxv: 


Because neither r nor v is zero: 


Solve for ¢: 


sing =0 


where ¢ is the angle between F and v. 
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Picture the Problem We can use their definitions to calculate the angular momentum 
and moment of inertia of the particle and the relationship between L, J, and wto 
determine its angular speed. 


(a) Express and evaluate the L = mvr =(2kg)(3.5m/s)(4m) 
magnitude of L: =| 28.0kg-m’/s 
(6) Express the moment of inertia of l=mr = (2 kg)(4 m) =| 32kg- m 


the particle with respect to an axis 
through the center of the circle in 
which it is moving: 


(c) Ses a angular speed of the ae fe 2 28.0kg-m7/s 10.875 tad/s2 
particle to its angular momentum I 32ke- m 


and solve for and evaluate @: 


45 

Picture the Problem We can use the definition of angular momentum to calculate the 
angular momentum of this particle and the relationship between its angular momentum 
and angular speed to describe the variation in its angular speed with time. 


(a) Express the angular momentum L=rmvsin@ 
of the particle as a function of its = (6 m)(2 kg)(4.5 m/s)sin90° 


mass, speed, and distance of its path =| 54.0kg- mek 


from the reference point: 


=o. 2 1 
(b) Because L = mr*a: wx — and 
‘a 


@ increases as the particle 
approaches the point and decreases 


as it recedes. 
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Picture the Problem We can use the formula for the area of a triangle to find the area 
swept out at ¢ = ¢,, add this area to the area swept out in time d?, and then differentiate this 
expression with respect to time to obtain the given expression for dA/dt. 


Express the area swept out at t= ¢): A, = xr, cos 0, = + bx, 


where @ is the angle between /,and v and 
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Express the area swept out at 
P= ae 


Differentiate with respect to ¢: 


Because rsin@= b: 
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x, is the component of F, in the direction of 


v. 
A= A, +dA=1D(x, + dx) 
dA =1b a = 5 bv = constant 
dt dt 
tbhv= L(r sin 6)v = a sin ) 
2m 
_| 2 
2m 


Picture the Problem We can find the total angular momentum of the coin from the sum 


of its spin and orbital angular momenta. 


(a) Express the spin angular 
momentum of the coin: 


From Problem 9-44: 


Substitute for / to obtain: 


Substitute numerical values and 
evaluate Lspin: 


(6) Express and evaluate the total 
angular momentum of the coin: 


(c) From Problem 10-14: 


(d) Express the total angular 
momentum of the coin: 


Lis = em spin 
IT=1MR’ 
Lisi = LMR’ On 
Loin = +(0.015kg)(0.0075m) 
«(10% *aet) 
S rev 


=| 1.33x10° kg-m’/s 


L = Lowit + Losin = OTL 


orbit spin spin 
=| 1.33x10~° kg-m7/s 
Lit - 0 
and 
L=|1.33x10~ kg-m7/s 
L = Lowit + dads 


Conservation of Angular Momentum 755 


Find the orbital momentum of the Lit = -MvR 
coin: = +(0.015kg)(0.05m/s)(0.1m) 
= +7.50x10° kg-m’/s 


where the + is a consequence of the fact 
that the coin’s direction is not specified. 


Substitute to obtain: L=+7.50x10~ kg-m7/s 
+1.33x10°kg-m’/s 


The possible values for L are: L= | 8.83x10~° kg- m?/s 


or 


Le —6.17x10> kg-m?/s 
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Picture the Problem Both the forces acting on the particles exert torques with respect to 
an axis perpendicular to the page and through point O and the net torque about this axis is 
their vector sum. 


Express the net torque about an axis t= 2 t, =I, * F, +¥, x F, 

perpendicular to the page and : 

through point O: = (F, ey )x F, 
e 


Because r, —F, points along — F;: (F, =f, )x F, =0 


Torque and Angular Momentum 
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Picture the Problem The angular momentum of the particle changes because a net 
torque acts on it. Because we know how the angular momentum depends on time, we can 
find the net torque acting on the particle by differentiating its angular momentum. We 
can use a constant-acceleration equation and Newton’s 2™ law to relate the angular speed 
of the particle to its angular acceleration. 


(a) Relate the magnitude of the _ aL = dad ( AN. m) 1] 
torque acting on the particle to the "dt — dt 
rate at which its angular momentum =|400N-m 


changes: 
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(6) Using a constant-acceleration 
equation, relate the angular speed of 
the particle to its acceleration and 
time-in-motion: 


Use Newton’s 2™ law to relate the 
angular acceleration of the particle 
to 

the net torque acting on it: 
Substitute to obtain: 


Substitute numerical values and 
evaluate @: 
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O=0,+at 
where @ = 0 
a Cnet Tnet 
I mr 
O= ante i 
mr 
(4 N -m)t 


(1.8kg)(3.4m) 
=| (0.192 rad/s? )e 


provided ¢ is in seconds. 


Picture the Problem The angular momentum of the cylinder changes because a net 


torque acts on it. We can find the angular momentum at ¢ = 25 s from its definition and 


the net torque acting on the cylinder from the rate at which the angular momentum is 


changing. The magnitude of the frictional force acting on the rim can be found using the 


definition of torque. 


(a) Use its definition to express the 
angular momentum of the cylinder: 


Substitute numerical values and 
evaluate L: 


IL 
(5) Express and evaluate < : 


(c) Because the torque acting on the 
uniform cylinder is constant, the rate 


2 
L=Io=+4mro 


L =1(90kg)(0.4m) 


. 5g ye es 
min =-—s‘rev 60s 


=| 377kg-m7/s 


dL (377kg-m?/s) 


dt 25s 
=| 15.1kg-m7/s? 
ce 15.1kg-m7/s* 
dt 
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of change of the angular momentum 
is constant and hence the 
instantaneous rate of change of the 
angular momentum at any instant is 
equal to the average rate of change 
over the time during which the 
torque acts: 


(d) Using the definition of torque 


=| 37.7N 


that relates the applied force to its e 0.4m 
lever arm, express the magnitude of 

the frictional force facting on the 

rim: 
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Picture the Problem Let the system include the pulley, string, and the blocks and 
assume that the mass of the string is negligible. The angular momentum of this system 
changes because a net torque acts on it. 


(a) Express the net torque about the Tet = Rm,g sin 8 — Rm, g 
center of mass of the pulley: 


=| Re(m, sind —m,) 


where we have taken clockwise to be 
positive to be consistent with a positive 
upward velocity of the block whose mass is 
my as indicated in the figure. 


(b) Express the total angular L=loa+mvR+m,vR 
momentum of the system about an I 
val +m,+m, 
R 


axis through the center of the 


pulley: 
(c) Express ras the time derivative dk ad I 
T=—=—|vR =TtTtm, +m, 
of the angular momentum: dt at R? 
I 
= an 2 + mM, + m, | 
Equate this result to that of part (a) g(m, sin 0 —m, ) 


a= 


and solve for a to obtain: 


I 
ee +m, 
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Picture the Problem The forces resulting from the release of gas from the jets will exert 
a torque on the spaceship that will slow and eventually stop its rotation. We can relate 
this net torque to the angular momentum of the spaceship and to the time the jets must 


fire. 
Relate the firing time of the jets to Mee AL = [Ao 
the desired change in angular Con Ou 
momentum: 
Express the magnitude of the net Tre = 2E'R 
torque exerted by the jets: 
Letting Am/A?' represent the mass of a Am 
gas per unit time exhausted from the At' 
jets, relate the force exerted by the 
gas on the spaceship to the rate at 
which the gas escapes: 
Substitute and solve for Af to obtain: he IA@ 
A 
Qe UR 
At' 


Substitute numerical values and evaluate Ar: 


(4000kg-m?) 6 ay Z 2arad | lmin 
min =‘ rev 60s 


2(10? kg/s\(800m/s)(3m) 52.48 
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Picture the Problem We can use constant-acceleration equations to express the 
projectile’s position and velocity coordinates as functions of time. We can use these 
coordinates to express the particle’s position and velocity vectors r and ¥. Using its 


definition, we can express the projectile’s angular momentum L asa function of time and 
then differentiate this expression to obtain dL/ dt. Finally, we can use the definition of 
the torque, relative to an origin located at the launch position, the gravitational force 


exerts on the projectile to express T and complete the demonstration that dL| age. 


Using its definition, express the L=Fxmy (1) 


angular momentum vector L of the 
projectile: 


Using constant-acceleration Kea (V cos 6)t 


equations, express the position 
coordinates of the projectile as a 
function of time: 


Express the projectile’s position 
vector r: 
Using constant-acceleration 


equations, express the velocity of 
the projectile as a function of time: 


Express the projectile’s velocity 
vector V: 


Substitute in equation (1) to obtain: 


Differentiate L with respect to ¢ to obtain: 


Using its definition, express the 
torque acting on the projectile: 


Comparing equations (2) and (3) we 
see that: 
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and 
Y=VotVoytt tat? 


=(V sin6)t—4 gt? 


# =|(V cosO\]i + lv sin 0)t—1 gt? li 


V, =V), =V cosé 
and 
Vv, = Vey + a,t 


=V sin@- gt 


v= lV cos Oli + lV sin 0— gt|j 


L= {(v coso)r]é +[(V sin ayt—+et°|j} 
xm{V cos6lé +|V sind — gr]}} 
= (—Lmgt?V cos0)k 


a <-tmet’v cos o)k 


= (— mgtV cos O)k 


(2) 


T =F x(-mg)j 
=[(V cos@)t]i + lv sin 6)t—4 gt? iF 
x(-mg)j 
or 
T =(—mgtV cos O)\k (3) 
da = 
=F 
dt 
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Picture the Problem Let m represent the mass of the planet and apply the definition of 


torque to find the torque produced by the gravitational force of attraction. We can use 


Newton’s 2™ law of motion in the form tT = dL/ dt to show that L is constant and apply 


conservation of angular momentum to the motion of the planet at points A and B. 
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(a) Express the torque produced by 
the gravitational force of attraction 
of the sun for the planet: 


(b) Because T = 0: 


Noting that at points A and B 
|r * y| = rv, express the 


relationship between the distances 
from the sun and the speeds of the 
planets: 
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t=7xF = [0 | because F acts along 


the direction of Fr. 


dL eat 
—=0> L=rxmy =constant 
dt 

KV, =hhV, 

or 

vy | 

Vo A 


Picture the Problem Let the system consist of you, the extended weights, and the 


platform. Because the net external torque acting on this system is zero, its angular 


momentum remains constant during the pulling in of the weights. 


(a) Using conservation of angular 
momentum, relate the initial and 
final angular speeds of the system to 
its initial and final moments of 
inertia: 


Solve for @,: 


Substitute numerical values and 
evaluate @,;: 


(5) Express the change in the kinetic 
energy of the system: 


Substitute numerical values and 
evaluate AK: 


Ia, =1,0, 
oO; =a, 
f e i 
2 
O; - SK8'™ (1 Stevis) = 5.00 rev/s 
1.8kg-m 


AK = K, —K, =11,@; -+I,@? 


i >\ -rev. 2arad : 
AK = 4(L.8kg-m ) 5—x 


S rev 


2 
-H(6kg-m | 1.5222 | 


S Trev 
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(©) Because no external agent does work on the system, the energy comes 
c 

from the internal energy of the man. 
#56 oe 


Picture the Problem Let the system consist of the blob of putty and the turntable. 
Because the net external torque acting on this system is zero, its angular momentum 
remains constant when the blob of putty falls onto the turntable. 


(a) Using conservation of angular 1,0, =1;0; 
momentum, relate the initial and and 

final angular speeds of the turntable ie 

to its initial and final moments of a 7 


inertia and solve for @; 


Express the final rotational inertia of I, =I, +Ijop = 1) + mR? 
the turntable-plus-blob: 


Substitute and simplify to obtain: 


(b) If the blob flies off tangentially to the turntable, its angular momentum doesn’t 
change (with respect to an axis through the center of turntable). Because there is no 
external torque acting on the blob-turntable system, the total angular momentum of the 
system will remain constant and the angular momentum of the turntable will not change. 
Because the moment of inertia of the table hasn’t changed either, the turntable will 


continue to spin at] @' =, | ‘ 
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Picture the Problem Because the net external torque acting on the Lazy Susan- 
cockroach system is zero, the net angular momentum of the system is constant (equal to 
zero because the Lazy Susan is initially at rest) and we can use conservation of angular 
momentum to find the angular velocity w of the Lazy Susan. The speed of the cockroach 
relative to the floor vr is the difference between its speed with respect to the Lazy Susan 
and the speed of the Lazy Susan at the location of the cockroach with respect to the floor. 


Relate the speed of the cockroach Vv, =v-or (1) 
with respect to the floor vs to the 

speed of the Lazy Susan at the 

location of the cockroach: 


Use conservation of angular Lui, =0 
momentum to obtain: 
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Express the angular momentum of L.. =1..@ =1+MR’o 
16. = 2s z 
the Lazy Susan: 


Express the angular momentum of o{v 
the cockroach: Le =1,6@. =mr*| —-@ 


Substitute to obtain: 


r 
Solve for @ to obtain: ape 2mrv 
MR? +2mr’ 
Substitute in equation (1): Spire 
eo 7 
‘ MR? +2mr’ 


Substitute numerical values and evaluate v¢ 


2 
ee 2(0. 015kg)(0. 08m) (0.01m/s) 2 -[9.6Tmmis) 


(0.25m)(0.15m) + 2(0.015kg)(0.08m)” 
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Picture the Problem The net external torque acting on this system is zero and so we 
know that angular momentum is conserved as these disks are brought together. Let the 
numeral | refer to the disk to the left and the numeral 2 to the disk to the right. Let the 
angular momentum of the disk with the larger radius be positive. 


Using conservation of angular Ia, =1,0, 
momentum, relate the initial angular or 
speeds of the disks to their common 1,0, —1,@,) = (7 yr dy jo; 
final speed and to their moments of 
inertia: 
Solve for @¢ Ld, 
Os = Do 
Leds 
‘ 1 2 2 
Express /, and 1: l= 1 m(2r) = 2mr 
and 
I,=5mr 
Substitute and simplify to obtain: 7 2mr? —Lmr? 5 
—— Qmr2+4mr? > 5 
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Picture the Problem We can express the angular momentum and kinetic energy of the 
block directly from their definitions. The tension in the string provides the centripetal 
force required for the uniform circular motion and can be expressed using Newton’s 2" 
law. Finally, we can use the work-kinetic energy theorem to express the work required to 
reduce the radius of the circle by a factor of two. 


(a) Express the initial angular Ly =| YoMVo 


momentum of the block: 


(b) Express the initial kinetic energy K, =|4 mv 
of the block: 

(c) Using Newton’s 2" law, relate the vo 
tension in the string to the centripetal a Ty 


force required for the circular motion: 


Use the work Janetic energy theorem Pn ed eet ae a Ti. 
to relate the required work to the 21, 21, 
oe in the kinetic energy of the P L E 1 
ock: = = 
ale 21, 2 lel, 
_X 1 2 2G 
2 m(4 it y mr, 3 mr, 
Substitute the result from part (a) and W =| -2 mv, 


simplify to obtain: 
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Picture the Problem Because the force exerted by the rubber band is parallel to the 
position vector of the point mass, the net external torque acting on it is zero and we can 
use the conservation of angular momentum to determine the speeds of the ball at points B 
and C. We’ll use mechanical energy conservation to find b by relating the kinetic and 
elastic potential energies at A and B. 


(a) Use conservation of momentum L,=L, =Le 
to relate the angular momenta at or 
points A, B and C: MV 41, = MV pl, = MVclc 
Solve for vz in terms of vy: Yr, 
Vp =Vy= 
r 


B 
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Substitute numerical values and 0.6m 

v, = (4m/s )}—— =| 2.40m/s 
evaluate vz: ° ( ) lm [2.40 | 
Solve for vc in terms of vy: _ Ny 

Ve = V4 

ie 

Substitute numerical values and 0.6m 

v. = (4m/s )—— =| 4.00m/s 
evaluate vc: ? ( lage | 4.00mnis | 
(b) Use conservation of mechanical E,=E,; 
energy between points 4 and B to or 
relate the kinetic energy of the point + mv, + tbr = 4 mv, + tbr _ 
mass and the energy stored in the 
stretched rubber band: 
Solve for b: mv? yi) 

b= BA 


ae: 
r,s 


Substitute numerical values and evaluate b: (0.2kg)(2.4 m/s) —(4 m/s) 
ES 2 2 
(0.6m) —(1m) 


3.20 N/m 


II 


Quantization of Angular Momentum 


*61l ° 

Picture the Problem The electron’s spin : 
. Li 4 
angular momentum vector is related to its z oa 


component as shown in the diagram. 


Using trigonometry, relate the 


th 
7 @=cos | — =| 54.7° 
magnitude of § to its z component: V0.75h 
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Picture the Problem Equation 10-27a describes the quantization of rotational energy. 
We can show that the energy difference between a given state and the next higher state is 
proportional to ¢+1by using Equation 10-27a to express the energy difference. 


From Equation 10-27a we have: 


Using this equation, express the 
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K, =€(€+1)E,, 


AE = (€+1)(€+2)E,, — (0+ 1)E,, 


difference between one rotational 


=| 2(¢+1DE,, 


state and the next higher state: 
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Picture the Problem The rotational energies of HBr molecule are related to ¢ and 
E,, according to K, = e(e + DE,, where E,, = h?/21. 


(a) Express and evaluate the moment l= mr 


= (1.6710 kg) (0.144x10° m)° 


=| 3.46x10~’ kg-m? 


K, =€(€+1E,, 


of inertia of the H atom: 


(b) Relate the rotational energies to 
Cand E,, : 


Evaluate E,, : Wh] (1.05x10“*I-s)’ 


E. =—= 
"27 2(3.46x 10" kg-m?) 


=1.59x10 Jx—_e¥_ 
1.60x10°? J 


= 0.996 meV 


E, =(1+1)(0.996 meV) = 


E, = 2(2+1)(0.996 meV) 


-[ 98m] 


E, = 3(3+1)(0.996meV) 


- [120m] 


Evaluate E for @= 1: 


Evaluate E for @=2: 


Evaluate E for @= 3: 
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Picture the Problem We can use the definition of the moment of inertia of point 
particles to calculate the rotational inertia of the nitrogen molecule. The rotational 
energies of nitrogen molecule are related to £ and Ey, according 


toK, = e +1)E,, where Ey, = nh? /2. 
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(a) Using a rigid dumbbell model, I= Yim =myr? +myr 
express and evaluate the moment of : 

inertia of the nitrogen molecule = 2m,r° 

about its center of mass: 


Substitute numerical values and evaluate/: 7 = 2(14)(I 66x10” kg)(5. 5x107! m)" 
=| 1.41x10° kg-m? | 


(b) Relate the rotational energies to E,=2 (0 + DE a 
Cand E),: 


Evaluate FE), : E he 1.05x10*J-s)” 
27 2(1.41x10° kg: m? 
=30107 x 
1.6010? J 


= 0.244 meV 


Substitute to obtain: LS 0.244 0(¢ + 1) meV 
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Picture the Problem We can obtain an expression for the speed of the nitrogen molecule 


by equating its translational and rotational kinetic energies and solving for v. Because this 
expression includes the moment of inertia / of the nitrogen molecule, we can use the 
definition of the moment of inertia to express J for a dumbbell model of the nitrogen 
molecule. The rotational energies of a nitrogen molecule depend on the quantum number 
¢ according to E, = 1? /21 = ¢(¢+1)h? /21. 


Equate the rotational kinetic energy E£,= + mv (1) 
of the nitrogen molecule in its = 1 

quantum state and its translational 

kinetic energy: 


Express the rotational energy levels E- i _ e(e + 1h? 

of the nitrogen molecule: a) es | 

For ¢= 1: 11+)h? he? 
E, Se 


Substitute in equation (1): 


Solve for v to obtain: 


Using a rigid dumbbell model, 
express the moment of inertia of the 
nitrogen molecule about its center of 
mass: 


Substitute in equation (2): 


Substitute numerical values and evaluate v: 


Collision Problems 
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a 2 
= 7MyV 


2 
a 2 


[2n? 
= 2 
' mT @) 


_ Qo 2 2 2 
T=) me =myr° +myr° = 2my,r 
i 


and 
2.2 
my = 2mxyr 


2n h 
v= = 
2m.r? mr 


a 1.055x10* J-s 
14(1.66x10~ kg) (5.510 m) 


=| 82.5m/s 


Picture the Problem Let the zero of gravitational potential energy be at the elevation of 


the rod. Because the net external torque acting on this system is zero, we know that 


angular momentum is conserved in the collision. We’ll use the definition of angular 


momentum to express the angular momentum just after the collision and conservation of 


mechanical energy to determine the speed of the ball just before it makes its perfectly 


inelastic collision with the rod. 


Use conservation of angular 
momentum to relate the angular 
momentum before the collision to 
the angular momentum just after the 
perfectly inelastic collision: 


Use conservation of mechanical 
energy to relate the kinetic energy of 
the ball just before impact to its 
initial potential energy: 


Letting h represent the distance the 


K,-K,+U,—-U, =0 
or, because K; = Us= 0, 
K, -U, =0 


v=./2gh 
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ball falls, substitute for 
K, and U;,and solve for v to 


obtain: 
Substitute for v to obtain: L, =mr.j2gh 
Substitute numerical values and bee (3.2 kg)(0.9 m) 219.81 m/s” (1.2 m) 


evaluate Lr: 
-[14005] 
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Picture the Problem Because there are no external forces or torques acting on the 
system defined in the problem statement, both linear and angular momentum are 
conserved in the collision and the velocity of the center of mass after the collision is the 
same as before the collision. Let the direction the blob of putty is moving initially be the 
positive x direction and toward the top of the page in the figure be the positive y 
direction. 


Using its definition, express the bdlaw tescantse shale bar 


location of the center of mass relative M+m 
to the center of the bar: 


Using its definition, express the my 
yio= 
velocity of the center of mass: = M+m 
Using the definition of L in terms of / ne Loon (1) 
and @, express @: ae 
Express the angular momentum about vd - y i 
the center of mass: mMyvd 
M+m) M+m 
Using the parallel axis theorem, Lon = 4M + My>, + md — Mos y 


express the moment of inertia of the 
system relative to its center of mass: 


Substitute for yen and simplify to obtain: 
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(M + mr M+m 
\ 2 Mm=d2 muta 1 2 (uM + m )mMd 
(M+m) (M+m) (M +m) 
2 
Mad 
a rr 

M+m 

Substitute for J... and Lem in equation mMyvd 
ei . O= 

(1) and simplify to obtain: 4, ML’ (M + m) + Mmd?* 


Remarks: You can verify the expression for J.m by letting m — 0 to obtain 

Ton =+;ML’ and letting M > 0 to obtain [em = 0. 
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Picture the Problem Because there are no external forces or torques acting on the 
system defined in the statement of Problem 67, both linear and angular momentum are 
conserved in the collision and the velocity of the center of mass after the collision is the 
same as before the collision. Kinetic energy is also conserved as the collision of the hard 
sphere with the bar is elastic. Let the direction the sphere is moving initially be the 
positive x direction and toward the top of the page in the figure be the positive y direction 
and v’ and V’ be the final velocities of the objects whose masses are m and M, 


respectively. 
Apply conservation of linear Pi Pe 
momentum to obtain: or 

mv = my'+MV' (1) 
Apply conservation of angular L, =L, 
momentum to obtain: or 

2 

mvd =mv'd++4ML'o (2) 

Set v’ = 0 in equation (1) and solve (ix mv 
=. (3) 

for V': M 
Use conservation of mechanical K, =K, 
energy to relate the kinetic energies or 


of translation and rotation before 
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and after the elastic collision: 


Substitute (2) and (3) in (4) and 
simplify to obtain: 


Solve for d: 
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Picture the Problem Let the zero of 


gravitational potential energy be a distance 
x below the pivot as shown in the diagram. 


Because the net external torque acting on 
the system is zero, angular momentum is 
conserved in this perfectly inelastic 
collision. We can also use conservation of 
mechanical energy to relate the initial 
kinetic energy of the system after the 


collision to its potential energy at the top of 


its swing. 


Using conservation of mechanical 
energy, relate the rotational kinetic 
energy of the system just after the 
collision to its gravitational potential 
energy when it has swung through 
an angle & 


Apply conservation of momentum to 
the collision: 


Solve for @ to obtain: 


Express the moment of inertia of the 
system about the pivot: 


m  12m(d? 

re ae 
M MIL 
d=\L M-m 
12m 


if 
if 


Ug =0 
AK +AU =0 

or, because Ks= U;= 0, 
—K,+U, =0 

and 


1I@’ = [eS + mex cosa) (1) 


Lad: 
or 


0.8dmv = I = |£Md? +(0.8d) mo 


0.8dmv 
Oa ; (2) 
+ +0.64md 


I = m(0.8d) +4Ma? 
= 0.64md? +4Md? 
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Su eaiute pananons (2) and (3) in Mg d ned (1 =Ae8 6) 
equation (1) and simplify to obtain: 2 


_ 0.32(dmvy 
1 Md? +0.64md? 


Solve for v: 


a (0.5M +0.8m) (4 Ma? + 0.64md? )g(1—cos6) 
0.32dm? 


Evaluate v for = 90° to obtain: 


(0.5M +0.8m)(+ Md? +0.64md” )g 
0.32dm? 
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Picture the Problem Let the zero of => 
gravitational potential energy be a distance 

x below the pivot as shown in the diagram. i 
Because the net external torque acting on x cos 0 
the system is zero, angular momentum is x 
conserved in this perfectly inelastic 
collision. We can also use conservation of 


mechanical energy to relate the initial Ug=0 ¥ 


kinetic energy of the system after the 
collision to its potential energy at the top of 


its swing. 

Using conservation of mechanical K,-K,+U,—-U, =0 

energy, relate the rotational kinetic or, because Ky= U;= 0, 

energy of the system just after the —K,+U, =0 

collision to its gravitational potential and 

energy when it has swung through an ; d 

anble slo = Me (I1—cos@) (1) 
Apply conservation of momentum to L, =L, 

the collision: or 


0.8dmv = Ia 
= | Ma? +(0.84) mo 
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in: 0.8d 
Solve for @ to obtain: o=- my . (2) 
> Md + 0.64md 


Express the moment of inertia of the i= m(0.8d) + 1 Md’ 
system about the pivot: = (0 rome M) a 
; 3 

= [0.64(0.3kg)+4(0.8kg)|(1.2m) 

= 0.660kg-m? 
Substitute equation (2) in equation (1) ide d +08 amg ~cos@) 
and simplify to obtain: = 

_ 0.32(dmv) 
I 
Solve for v: ye [s05¥ + Osa) coed} 
0.32dm’ 


Substitute numerical values and evaluate v for O= 60° to obtain: 


0.32(1.2m)(0.3kg) 
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Picture the Problem Let the length of the uniform stick be ¢. We can use the impulse- 
change in momentum theorem to express the velocity of the center of mass of the stick. 
By expressing the velocity V of the end of the stick in terms of the velocity of the center 
of mass and applying the angular impulse-change in angular momentum theorem we can 
find the angular velocity of the stick and, hence, the velocity of the end of the stick. 


(a) Apply the impulse-change in K =Ap=p-p,=P 


momentum theorem to obtain: or, because pp = 0 and p = Mvem 


K=Mv,,, 
Solve for v., to obtain: K 

vy =| — 

cm M 

(b) Relate the velocity V of the end FAV F Vow cces = Vow ¥ ot 7) (1) 
of the stick to the velocity of the 
center of mass Vem! 
Relate the angular impulse to the K (2 t) =AL=L-L,=I,,,@ 
change in the angular momentum of on because Lo, 
the stick: 


K(4£)=1.,,@ 
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Refer to Table 9-1 to find the f= 
: : . . cm 12 

moment of inertia of the stick with 

respect to its center of mass: 


Substitute to obtain: K( 7 a) =i MCo 
Solve for a: 6K 
o=— 
Me 
Substitute in equation (1) to obtain: K 6K \ 8 AK 
V = — +] — J— =] — 
M \Me)2 M 
(c) Relate the velocity V’ of the other FSP oe = alt ) 


end of the stick to the velocity of the 
center of mass Vom: apie 


(d) Letting x be the distance from the vy. —-a=0 
center of mass toward the end not 

struck, express the condition that the 

point at x is at rest: 


Solve for x to obtain: K 6K 0 
—-—_-x= 
M Me 
Solve for x to obtain: K 
_ M _ 
“ox Let 
Me 


Note that for a meter stick struck at the 
100-cm mark, the stationary point would 
be at the 33.3-cm mark. 


Remarks: You can easily check this result by placing a meterstick on the floor and 
giving it a sharp blow at the 100-cm mark. 
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Picture the Problem Because the net external torque acting on the system is zero, 
angular momentum is conserved in this perfectly inelastic collision. 


(a) Use its definition to express the Ly =| m,Vyb 
total angular momentum of the disk 


and projectile just before impact: 
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b) Use conservation of angular L 
() 8 L,=L= Io and @ =— 
momentum to relate the angular I 
momenta just before and just after 


the collision: 


Express the moment of inertia of the [= 1 MR?’ +m ee 
disk + projectile: 
Substitute for / in the expression for 2m,Vb 
oto obtain: a MR? +2m_b? 
P 
(c) Express the kinetic energy of the te (m,vyb)’ 
system after impact in terms of its = a7 5 2(4 MR? +m b?) 
angular momentum: 5 : 
(m,vob) 
MR’ + 2m,’ 
(d) Express the difference between AE = K,—K; 
the initial and final kinetic energies, ; (m vb)? 
; Se faae er P 
substitute, and simplify to obtain: 2 P 0 VR? 49 m, be 
m,b° 
=|1Lmvl1 . 
2 PMR? +2m,b? 
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Picture the Problem Because the net external torque acting on the system is zero, 
angular momentum is conserved in this perfectly inelastic collision. The rod, on its 
downward swing, acquires rotational kinetic energy. Angular momentum is conserved in 
the perfectly inelastic collision with the particle and the rotational kinetic of the after- 
collision system is then transformed into gravitational potential energy as the rod-plus- 
particle swing upward. Let the zero of gravitational potential energy be at a distance L, 
below the pivot and use both angular momentum and mechanical energy conservation to 
relate the distances L; and L2 and the masses M and m. 


Use conservation of energy to relate K,-K,+U,;—U, =0 
the initial and final potential energy or, because K; = 0, 
of the rod to its rotational kinetic K,+U,—U, =0 


energy just before it collides with the 
particle: 


Substitute for Ky, U;, and U; to 
obtain: 


Solve for @: 


Letting w’represent the angular 
speed of the rod-and-particle system 
just after impact, use conservation of 
angular momentum to relate the 
angular momenta before and after 
the collision: 


Solve for o% 


Use conservation of energy to relate 
the rotational kinetic energy of the 
rod-plus-particle just after their 
collision to their potential energy 
when they have swung through an 
angle Onax: 


Express the moment of inertia of the 
system with respect to the pivot: 


Substitute for Anax, and @’in 
equation (1): 


Simplify to obtain: 


Simplify equation (2) by letting 


a=m/M and P= L/L, to obtain: 


Substitute for a and simplify to 
obtain the cubic equation in /: 


Use the solver function* of your 
calculator to find the only real value 
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L 
1(ML) 0 +M; Mel, =0 


w= |78 

L, 
tod 
or 


(5.ML; Jo = (ML; + mL Jo 


ML; 
1 2 2 Qo 
ML + mL? 


K,-K,+U,—U, =0 
or, because Ks= 0, 


1 
+ mgL,(1—cos@,,,, )= 0 


IT =4ML; +mL; 


38 (:Maiy 

L, 1 
LMI + mL = Mg(4 L,)+mgL, 
3 1 2 


m m 
Le 2 Libs +3L5L, +6——L, (2) 
6a’ B +38? +2aB-1=0 


128° +98 +4B-3=0 


p=[0349 | 
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of £: 


*Remarks: Most graphing calculators have a “solver” feature. One can solve the 


cubic equation using either the “graph” and "trace” capabilities or the "solver" 


feature. The root given above was found using SOLVER on a TI-85. 
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Picture the Problem Because the net external torque acting on the system is zero, 


angular momentum is conserved in this perfectly inelastic collision. The rod, on its 


downward swing, acquires rotational kinetic energy. Angular momentum is conserved in 


the perfectly inelastic collision with the particle and the rotational kinetic energy of the 


after-collision system is then transformed into gravitational potential energy as the rod- 


plus-particle swing upward. Let the zero of gravitational potential energy be at a distance 


L, below the pivot and use both angular momentum and mechanical energy conservation 


to relate the distances L, and L2 and the mass / to m. 


(a) Use conservation of energy to 
relate the initial and final potential 
energy of the rod to its rotational 
kinetic energy just before it collides 
with the particle: 


Substitute for Ks, U;, and U; to 
obtain: 


Solve for @: 


Letting w’represent the angular 
speed of the system after impact, 
use conservation of angular 
momentum to relate the angular 
momenta before and after the 


collision: 


Solve for a’ 


K,-K,+U,-C0,=0 
or, because K; = 0, 
K,+U,—U, =0 


L 
+((ML;) o + Mg — Mel, =0 


3 
a= [8 
L, 
L,=L, 
or 
GMe)o=(bMb+m2)o (1) 
3 1 “~~ 43 1 2 
____ 3 ML; 
=F 2 7 0 
IME + mL 
;ML, _ [3g 


1 ML, +mL; \ L, 


Substitute numerical values to obtain: 


Use conservation of energy to relate 
the rotational kinetic energy of the 
rod-plus-particle just after their 
collision to their potential energy 
when they have swung through an 
angle @nax: 


Substitute for K;, U;, and U; to 
obtain: 


Express the moment of inertia of the 
system with respect to the pivot: 


Substitute for Anax, J and @’in 
equation (1) and simplify to obtain: 


Substitute for M, L, and L, and 
simplify to obtain: 


Solve the quadratic equation for its 
positive root: 


(b) The energy dissipated in the 
inelastic collision is: 


Express U;: 


Express Us: 
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____ $2kg)(1.2my’ 
1(2kg)(1.2m) +m(0.8m) 


. P19.81m/s° 
1.2m 
> 4.75kg-m*/s 
0.960kg-m? +(0.64m? }m 


_ 4.75 kg/s 
0.960kg + 0.64m 


K, -—K,+U,—U, =0 
or, because K-= 0, 
—K,+U,—-U, =0 


—L1o"+Me(tL,)(1 — COS G2) 
+mgL,(1—cos@,,,, )=0 


max 


IT =1ML) +mL; 


1(4.75kg/s) 
0.960kg +0.64m 


m +3.00m-8.901=0 


m=| 1.84kg 

AE =U; —-U, (2) 
L 

U, = Me 

i & 5 


Ue = (1 —cos 6... ef + mt, | 


= 0.2g(ML, + mL,) 
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. . . . 3 ie 
Substitute in equation (2) to obtain: AE = Mg 7 


—(l-cos@,,. elm a + mt; 


Substitute numerical values and evaluate AE: 


(2kg)(9.81m/s?)(1.2m) 
2 


(i -c0337°)(9.8imss*) CkeM2m) (1.85 kg)(0:8m)| 


U,; = 


=| 6.51) 
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Picture the Problem Let @, and @; be the angular velocities of the rod immediately 
before and immediately after the inelastic collision with the mass m. Let @ be the initial 
angular velocity of the rod. Choose the zero of gravitational potential energy be at a 
distance L, below the pivot. We apply energy conservation to determine @;and 
conservation of angular momentum to determine @. We’ll apply energy conservation to 
determine @p. Finally, we’ll find the energies of the system immediately before and after 
the collision and the energy dissipated. 


Express the energy dissipated in the AE =U, -U, (1) 
inelastic collision: 


Use energy conservation to relate K,-K,+U,;—-U, =0 

the kinetic energy of the system or, because Kr= Ktop = 0 and Kj = Kpottom; 
immediately after the collision to its pee ie Una = 0 

potential energy after a 180° 

rotation: 

Substitute for Kpottom, Utop, and —1]@; +3MgL,+ me(L, + £,) 

Upottom to obtain: _ 4+MglL, = mg(L, _ i.) =0 
Simplify to obtain: —~1]@; + MeL, +2mgL, =0 (2) 
Express I: IT =4ML; +mL; 


Substitute for J in equation (2) and _ {2 g(ML, + 2mL, ) 
solve for @; to obtain: a 1 ML +mL; 
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Substitute numerical values and evaluate a; 


= 7.00 rad/s 


— ets Hee onl ieee 
oe 1(0.75kg)(1.2m) +(0.4kg)(0.8m) 


Use conservation of angular 
momentum to relate the angular 
momentum of the system just before 
the collision to its angular 
momentum just after the collision: 


Substitute for /;and /; and solve for 
QO: 


Substitute numerical values and 
evaluate @;: 


Apply conservation of mechanical 
energy to relate the initial rotational 
kinetic energy of the rod to its 
rotational kinetic energy just before 
its collision with the particle: 


Substitute to obtain: 


Solve for @: 


Substitute numerical values and 
evaluate @: 


L,=L, 
or 
Ia, =1,0,; 


(LMZ Jo, = (LM + m3 Jo, 


and 


Z 
O, = 14 30-4kg) Eon (7.00 rad/s) 
0.75kg (1.2m 
=12.0rad/s 


K,-K,+U,;—-U, =0 


S(EME Jo? -4 (EME )oR Mg 


—MgL, =0 
0, =,|/@; ea 
Yo 4 
e ) 
@, = ,|(12 rad/s)’ gee) 
\ 1.2m 


=| 10.9 rad/s 
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Substitute in equation (1) to express AE = 1(t ML; \o? — MgL, + 2mgL, 
the energy dissipated in the collision: 


Substitute numerical values and evaluate AE: 


AE = 4(0.75kg)(1.2m)*(12 rad/s)’ —(9.81m/s”) [(0.75kg)(1.2m)+ 2(0.4kg)(0.8m)] 


-[10a) 
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Picture the Problem Let v be the speed of the particle immediately after the collision 
and @, and @, be the angular velocities of the rod immediately before and immediately 
after the elastic collision with the mass m. Choose the zero of gravitational potential 
energy be at a distance L below the pivot. Because the net external torque acting on the 
system is zero, angular momentum is conserved in this elastic collision. The rod, on its 
downward swing, acquires rotational kinetic energy. Angular momentum is conserved in 
the elastic collision with the particle and the kinetic energy of the after-collision system is 
then transformed into gravitational potential energy as the rod-plus-particle swing 
upward. Let the zero of gravitational potential energy be at a distance L below the pivot 
and use both angular momentum and mechanical energy conservation to relate the 
distances L; and L, and the mass M to m. 


Use energy conservation to relate the K,-K,+U;—-U, =0 
energies of the system immediately or, because K; = 0, 
before and after the elastic collision: K,+U,—-U, =0 


. 3 Loe L L 
Substitute for K;, U;, and U; to obtain: a iP ti Me o (1 ~cos0,,. )2 Me 7 2% 


Solve for mv: mv = MeL, COS O yay (1) 
Apply conservation of energy to K,—-K,+U,—U,=0 

express the angular speed of the rod or, because K; = 0, 

just before the collision: K,+U,—-U, =0 


Substitute for K;, U;, and Uj to obtain: (2 ML) wo + Mg . ~ MeL, =0 


Solve for a; 3g 
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Apply conservation of energy to the i (1 ML 2\ ay? ie Li 1 ets = r 
rod after the collision: 2 2 max 


Solve for a 0.6g 
O, = ,|— 
L, 
Apply conservation of angular L,=L, 
momentum to the collision: or 


(030, = (43), +t, 


Sol : LYPR(o — 
olve for mv se ML, (a, Q;) 
L, 
Substitute for @; and @, to obtain: | |3¢ 0.6g 
ML,| .j—> - ,|-—> 
L, L, 
my = 
3h, 
Divide equation (1) by equation (2) 7 MeL, cos 6... 
to eliminate m and solve for v: 
ML mel Ps i ya oe) 
_  3gL, cos en 
V3el, -./0.6gL, 


Substitute numerical values and evaluate v: 


3(9.81m/s?) (0.8m)cos37° 


Vs = = 5.72 m/s 
(3(9.81m/s?) (1.2m) —,/0.6(9.81m/s")(1.2m) 
Solve equation (1) for m: ge MBL, OS Oypax 
2 
v 
Substitute for v in the expression for he (2 kg)(9.8 m/s’ a .2m)cos37° 
mv and solve for m: 7 (5.72m/s)" 


=| 0.575kg 


Because the collision was elastic: AE = 0] 
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Picture the Problem We can determine the angular momentum of the wheel and the 


angular velocity of its precession from their definitions. The period of the precessional 


motion can be found from its angular velocity and the angular momentum associated with 


the motion of the center of mass from its definition. 


(a) Using the definition of angular 
momentum, express the angular 
momentum of the spinning wheel: 


Substitute numerical values and 
evaluate L: 


(6) Using its definition, express the 
angular velocity of precession: 


Substitute numerical values and 
evaluate @,: 


(c) Express the period of the 
precessional motion as a function of 
the angular velocity of precession: 


(d) Express the angular momentum 
of the center of mass due to the 


precession: 


Substitute numerical values and 
evaluate Ly: 


#78 0 


L=lo=MR’o="“R’o 
g 


L-[ = Jom 


9.81m/s* 


«(125s Zana) 
s rev 


=|18.1J-s 


_dg_ MgD 
P dt L 


_ (30N)(0.25m) 


A =| 0.414rad/s 
18.1J-s 


goo eo: 
O, 0.414 rad/s 


2 
L, = I,@, =MD’o, 


cmp 


30N 


-[poRITs 


The direction of L, is either up or down, 
depending on the direction of L. 


Picture the Problem The angular velocity of precession can be found from its definition. 


Both the speed and acceleration of the center of mass during precession are related to the 


angular velocity of precession. We can use Newton’s 2™ law to find the vertical and 
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horizontal components of the force exerted by the pivot. 


(a) Using its definition, express the angular velocity of precession: 


_ do _MgD __MgD _ 2gD 
> dt 1a, 4MR’e, Ra, 


Substitute numerical values and evaluate @,: 


ne 2(9.81m/s’) (0.05m) | - [327d | 


(0.064m)? 700 rev y 2Ead | 1lmin 
aa 


rev “60 S 
(b) Express the speed of the center Ven = Da, = (0.05 m)(3.27 rad/s) 
of mass in terms of its angular ~| 0.164 m/ 
=| 0. S 

velocity of precession: ea 
(c) Relate the acceleration of the = Do; = ( 05 m)(3.27 rad/s) 
center of mass to its angular velocity ; 

=| 0.535 m/s 
of precession: 
(d) Use Newton’s 2™ law to relate F= <n = 5kg)(9. 81m/s* ) 


the vertical component of the force 


exerted by the pivot to the weight of 
the disk: 


5 


Relate the horizontal component of = 


= (2.5kg)(0.535m/s?) 


the Taree excl’ by the pivot to the 1.34N 


acceleration of the center of mass: 
General Problems 
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Picture the Problem While the 3-kg particle is moving in a straight line, it has angular 


momentum given by L =r x p where F is its position vector and p is its linear 


momentum. The torque due to the applied force is given by T =r x F. 


(a) Express the angular momentum L=7x Pp 
of the particle: 


Express the vectors r and p: f= (1 2m)i 4. (5.3 m)j 
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and 
p=mvi = (3kg)(3m/s)i 
=(9kg- m/s)i 
Substitute and simplify to find L: L= a2m)i + (5.3 m)j}x (9 kg: m/s)i 
= (47.7 kg: m2/s\(jx i) 
= | —(47.7kg-m?/s)k | 
(b) Using its definition, express the T=F7xF 
torque due to the force: 
Substitute and simplify to find 7 : z =|(12m)i +(5.3m)j{k(-3N)i 
= ~(15.9N-m)(}xé) 
=| (15.9N-m)k 


80° 
Picture the Problem The angular momentum of the particle is given by 


L =F x p where £ is its position vector and p is its linear momentum. The torque acting 


on the particle is given by T = dL/ dt. 


Express the angular momentum of L=fx p=Fxmv =mrFxv 
the particle: dr 
= mr x — 
dt 
dr dr s 
Evaluate —: — = 6f 
dt dt 
Substitute and simplify to find L: L= ls kg)\(4 m)i + (30? m/s”) 7 
x (6t m/s) j 


II 


(72.0tJ-s)k 


Find the torque due to the force: dL od ( ) i] 
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Picture the Problem The ice skaters rotate about their center of mass; a point we can 
locate using its definition. Knowing the location of the center of mass we can determine 
their moment of inertia with respect to an axis through this point. The angular momentum 


of the system is then given by L = /,,,@ and its kinetic energy can be found 
from K = P/21,,,. 


(a) Express the angular momentum L=I,,0 
of the system about the center of 
mass of the skaters: 


Using its definition, locate the center — (55 kg)(I s m)+ (85 kg)(0) 
of mass, relative to the 85-kg skater, “ 55kg+85kg 
of the system: = 0.668m 
Calculate J, Toy, = (55kg)(1.7m —0.668m) 
+(85kg)(0.668m) 
= 96.5kg-m?* 
Substitute to determine L: Le (0 este. m?) lrev x 2nrad 
2.58 rev 


- [RTS] 


(b) Relate the total kinetic energy of Lc 
the system to its angular momentum a1 


and evaluate K: 


Substitute numerical values and (243J-s) 


evaluate K: i 2(96.5kg-m? \ ue) 
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Picture the Problem Let the origin of the 
coordinate system be at the pivot (point P).  — 
The diagram shows the forces acting on the Py 
ball. We'll apply Newton’s 2” law to the s* ¥ 

ball to determine its speed. We’ll then use / << 
the derivative of its position vector to 


express its velocity and the definition of 
angular momentum to show that Lhas 
both horizontal and vertical components. 
We can use the derivative of L with 
respect to time to show that the rate at 
which the angular momentum of the ball 
changes is equal to the torque, relative to 
the pivot point, acting on it. 


(a) Express the angular momentum (1) 
of the ball about the point of support: 
Apply Newton’s 2™ law to the ball: . : 
pply Newton’s aw to the ba YF, =Tsin =m v 
rsin@ 

and 

YF, =T cos@—mg =0 
Eliminate T between these equations v= rgsin@ tand 
and solve for v: 
Substitute numerical values and y= mI (1 5 m)(9.81m/s”) sin30°tan30° 
evaluate v: 29:06 mils 
Express the position vector of the r= (I a m)sin 30°cos ati +sin aij) 
ball: 


= (1 a) m)cos 30°k 


where @ = ok. 


Find the velocity of the ball: 


&.|3 


= (0.75com/s)(- sin wt i +cos ot }) 


Evaluate a: O= ee = 2.75rad/s 
(1.5m)sin 30° 
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Substitute for @ to obtain: y= (2.06 m/s)(- sin at i + cos oj) 


Substitute in equation (1) and evaluate L: 


L= (2kg\(1.5 m)sin 30°cos oti +sin at j)- (1.5 m)cos30°K | 
x [(2.06 m/s)(- sin at i +cosat iy 
= 5,36(cosati +sin ot j)+3.09h|I-s 


The horizontal component of L is: 5.3 6(cos oti +sin at AN Ss | 
The vertical component of Lis: 3.09KI-s 
L L 3 3 
(b) Evaluate we : a = 5.36c0 e sin wt i + cos | J 
dt dt 
i s 
Evaluate the magnitude of a ae (5.36N-m-s)(2.75 rad/s) 
t t 
=|14.7N-m 
Express the magnitude of the torque T = mgr sin@ 
exerted by gravity about the point of 
support: 
Substitute numerical values and r=(2 kg)(9.8 m/s? \( .5m)sin 30° 
evaluate tT: =\(49 Nan 
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Picture the Problem In part (a) we need to decide whether a net torque acts on the 
object. In part (5) the issue is whether any external forces act on the object. In part (c) we 
can apply the definition of kinetic energy to find the speed of the object when the 
unwrapped length has shortened to 7/2. 


(a) Consider the overhead view of the 

cylindrical post and the object shown in 

the adjoining figure. The object rotates 

counterclockwise. The torque about the 

center of the cylinder is clockwise and 7 
of magnitude R7, where R is the radius 


\\ 


of the cylinder and T is the tension. So 
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L must decrease. 
(b) Because, in this frictionless 
environment, no net external forces 


act on the object: 


(c) Express the kinetic energy of the 
object as it spirals inward: 
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No, L decreases. 
Its kinetic energy is constant. 


K=1Iq’ =1(mr?)” 


V)- (The kinetic energy remains 
constant.) 


Picture the Problem Because the net torque acting on the system is zero; we can use 


conservation of angular momentum to relate the initial and final angular velocities of the 


system. 

Using conservation of angular 
momentum, relate the initial and 
final angular velocities to the initial 


and final moments of inertia: 


Solve for a; 


Express J: 


Express J+: 


Substitute to express @, in terms of @: 


Express the initial kinetic energy of 
the system: 


L,=L, 

or 

T,0, =1;0; 

O,=—+o0,=+0 
iF iF 


1 


I, = ML? +2(tme?) 
I, =4ML +2(tmL’) 


_ 4 MP +2(t-mé?) 
Or ME + Aime)” 
10 4 


0? 


——_—@ 
M+5m 


K, =41,07 =4[,. MP +2(tm??)|o? 


=| (MP +5m0? )o” 
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Express the final kinetic energy of the system and simplify to obtain: 


K, =41,07 =4| MP +2(¢m2?)\o? = 4(ME +5mP?)o? 
2 2 0? 
M+5m_4, [asm 
=4(Me +5mi?) ——£ | =3 i 
20 20 


M+5m M+5m 


20 


MP? +5mL 


ae eee ~ 
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Determine the Concept Yes. The net external torque is zero and angular momentum is 
conserved as the system evolves from its initial to its final state. Because the disks come 
to the same final position, the initial and final configurations are the same as in Problem 
84. Therefore, the answers are the same as for Problem 84. 
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Picture the Problem Because the net torque acting on the system is zero; we can use 
conservation of angular momentum to relate the initial and final angular velocities of the 


system. 

Using conservation of angular L,=L, 
momentum, relate the initial and or 

final angular velocities to the initial 1,0, =1;, 


and final moments of inertia: 


: I. 
Solve for a O; = 7% = ae (1) 


Relate the tension in the string to the 
angular speed of the system and 
solve for and evaluate a: and 


o= |= -| 2(108N) 
me \(0.4kg)(0.6m) 


-[500rad 
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Express and evaluate /;: 


Express and evaluate /; 


Substitute in equation (1) and solve 
for @;: 


Express and evaluate the initial 
kinetic energy of the system: 


Express and evaluate the final kinetic 
energy of the system: 


87 ee 


I, =4;MP +2(tm0’) 
= 4(0.8kg)(2m)’ +4(0.4kg)(0.6m/ 
= 0.392kg-m? 


I, = ML +2(tml?) 
=+1(0.8kg)(2m) +4(0.4kg)(2m/) 
=1.12kg-m’ 


Li, — 0.392kg-m? 
I, 1.12kg-m? 
10.5 rad/s 


QO; = 


(30.0 rad/s) 


II 


176J 


K, =41,@; 


-[6177] 


Picture the Problem Until the inelastic collision of the cylindrical objects at the ends of 
the cylinder, both angular momentum and energy are conserved. Let K’ represent the 
kinetic energy of the system just before the disks reach the end of the cylinder and use 
conservation of energy to relate the initial and final kinetic energies to the final radial 


velocity. 


Using conservation of mechanical 
energy, relate the initial and final 
kinetic energies of the disks: 


Solve for v;: 


Using conservation of angular 
momentum, relate the initial and 
final angular velocities to the initial 


Ky =k 


lo -L.a: 
v= {0 6% (1) 
2m 
L, =L, 
or 


and final moments of inertia: 


Solve for @;: 


Express J;: 


Express I+: 


Substitute to obtain @, in terms of @: 


Substitute in equation (1) and 
simplify to obtain: 
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Picture the Problem Because the net torque acting on the system is zero, we can use 
conservation of angular momentum to relate the initial and final angular velocities and 


Conservation of Angular Momentum 791 


T,0, =1,0; 


I, = ML +2(tme?) 


1 


I, = + ML? +2(tmL?) 


> _ ME? + 2b me? 7 
EME? + 2(¢m2? 
ML’ + 5me* 
rer 70 

ML +5mL 


v= £0 [p a ) 


2L 


the initial and final kinetic energy of the system. 


Using conservation of angular 
momentum, relate the initial and 
final angular velocities to the initial 
and final moments of inertia: 


Solve for @;: 


Relate the tension in the string to the 
angular speed of the system: 


Solve for @: 


Substitute numerical values and 
evaluate a: 


L, = L; 

or 

1,0, =1;0, 
i ve 

QO; =—O,=—@ (1) 
TF iF 


— | 2(08N) 
©” \(0.4kg)(0.6m) — 
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I, = 4;MP +2(L m0’) 
= 4(0.8kg)(2m) +4(0.4kg)(0.6m) 
= 0.392kg-m? 


Express and evaluate /;: 


Letting L’ represent the final l,= ML + a(t mL”) 


= 4 (0.8kg)(2m) +4(0.4kg)(1.6m) 


separation of the disks, express and 
evaluate J: 


= 0.832kg-m?* 
titute i tion (1) and sol i, .392kg-m?* 

Substi i e in equation (1) and solve base 0.392kg ee (30.0rad/s) 

for @;: I, 0.832kg-m 
=14.1rad/s 

Express and evaluate the initial K,=41 oO 

kinetic energy of the system: =1 (0.392 kg-m? )(0.0ra A /s) 
=|176J 

Express and evaluate the final K, =41 -O; 

kinetic energy of the system: at (0.832kg tne a Aaa /s) 
=| 82.7] 

The energy dissipated in friction is: AE = K,-K, =176J—82.7]J 


-[9331 
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Picture the Problem The drawing shows 
an elliptical orbit. The triangular element 
of the area is dA = 17(rd6) =1r'dé. 


Differentiate dA with respect to ¢ to 
obtain: 


Because the gravitational force acts 
along the line joining the two 
objects, 7 = 0 and: 


dA_, ,d0_, 
ori err 
dt dt 


L=mr’a 


= constant 


Eliminate 7° @ between the two 
equations to obtain: 


90 oo 
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L 
— =| — =constant 
dt 2m 


Picture the Problem Let x be the radial distance each disk moves outward. Because the 


net torque acting on the system is zero, we can use conservation of angular momentum to 


relate the initial and final angular velocities to the initial and final moments of inertia. 


We’ll assume that the disks are thin enough so that we can ignore their lengths in 


expressing their moments of inertia. 


Use conservation of angular 
momentum to relate the initial and 
final angular velocities of the disks: 


Solve for a 


Express the initial moment of inertia 
of the system: 


Express the moment of inertia of the 
cylinder: 


Letting ¢ represent the distance of 
the clamped disks from the center of 
rotation and ignoring the thickness 
of each disk (we’re told they are 
thin), use the parallel-axis theorem 
to express the moment of inertia of 
each disk: 


With the disks clamped: 


LL; 

or 

Io, =1,0, 

m= 70, (1) 

I; 

a Ly + QL sig 

L i = 4 ML’ +1MR’ 
=LM(v +6R?) 
= 1(0.8kg)(1.8m)’ + 6(0.2m)'| 
= 0.232kg-m* 


Tice = mr? + me? 
= Lm(r? +40") 
= 1(0.2kg)|(0.2m) +4(0.4m) | 
= 0.0340kg-m* 


I, =I +21 
= 0.232kg-m? + 2(0.0340kg-m?) 
= 0.300kg +m? 


disk 
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With the disks unclamped, ¢= 0.6 m Lis Lm(r? +40 3) 
and: =1(0.2 kg)|(0.2 m) +4(0.6 m) | 
= 0.0740 kg-m? 
Express and evaluate the final Te = Ty t+ 21 gig 
moment of inertia of the system: = 0.232ke-m? + 2(0.0740 kg- m?) 
= 0.380kg- m7 
Substitute in equation (1) to _ 0.300kg- m? (3 rad/s) 
determine @;: _ 0.380kg +m? 
=| 6.32 rad/s 
Express the energy dissipated in AE = E, -E, 
a = 11,0; ~($1,0; + 4h’) 
Apply Newton’s 2” law to each y F gia) = AX = TO” 
disk when they are in their final 
positions: 
Solve for k: k= mro 
x 
: ; 2 
Substitute numerical values and k= (0.2 kg)(0.6 m)(6.32 rad/s) 
evaluate k: 7 0.2m 
= 24.0N/m 
Express the energy dissipated in friction: W,, = E, —E, 
=t1a; -( 1,0; +h?) 


Substitute numerical values and evaluate W;,: 


W,, =+(0.300kg-m?)(Srad/s)’ —4(0.380kg-m?)(6.32 rad/s)’ —4(24N/m)(0.2m/ 
=| 1.53] 


91 ee 

Picture the Problem Let the letters d, m, and r denote the disk and the letters ¢, M, and R 
the turntable. We can use conservation of angular momentum to relate the final angular 
speed of the turntable to the initial angular speed of the Euler disk and the moments of 
inertia of the turntable and the disk. In part (b) we’ II need to use the parallel-axis theorem 


to express the moment of inertia of the disk with respect to the rotational axis of the 
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turntable. You can find the moments of inertia of the disk in its two orientations and that 


of the turntable in Table 9-1. 


(a) Use conservation of angular 
momentum to relate the initial and 
final angular momenta of the 
system: 


Because @r= Wag: 


Solve for @¢: 


Ignoring the negligible thickness of 
the disk, express its initial moment 
of inertia: 


Express the final moment of inertia 
of the disk: 


Express the final moment of inertia 
of the turntable: 


Substitute in equation (1) to obtain: 


Express gi in rad/s: 


Substitute numerical values in 
equation (2) and evaluate ay: 


(b) Use the parallel-axis theorem to 
express the final moment of inertia 
of the disk when it is a distance L 
from the center of the turntable: 


LO, = Lap @aze + Lp Oe 


T Qg, = [g¢ Op + 1p Os 


Lis 
On = : M4; (1) 
Lae ted yg 
Li = qmr 
La = 5mr 
I =+MR° 
1 mr? 
0, = ———_——_~.. 0, 
* Lmr? +1MR? “ 
1 (2) 
mr? 
rev 2arad Ilmin 
@,, = 30——_x x = Tra 
min rev 60s 
ee mrad/s 
 (0.735kg)(0.25m)" 


(0.5kg)(0.125m)° 


- [Usd] 


aul 2 2 1222 2 
Ly = mr +m =m(tr +L) 


d/s 
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Substitute in equation (1) to obtain: 1 mr? 
On = : 
"mtr? +02 )+iMR? 
1 
= Ox 
LMR © 
244 ¢2——. 
r mr 


Substitute numerical values and evaluate @¢: 


a rad/s 
~ ~| 0.192 rad/ 
“ 244 (0.1m) > (0.735kg)(0.25m) 0.192 rads | 


(0.125m) —(0.5kg)(0.125m/) 
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Picture the Problem We can express the period of the earth’s rotation in terms of its 
angular velocity of rotation and relate its angular velocity to its angular momentum and 
moment of inertia with respect to an axis through its center. We can differentiate this 
expression with respect to T and then use differentials to approximate the changes in r 
and 7. 


(a) Express the period of the earth’s 27 
rotation in terms of its angular @ 


velocity of rotation: 


Relate the earth’s angular velocity L L 


of rotation to its angular momentum I 
and moment of inertia: 


Substitute and simplify to obtain: a 2n(2 mr? ) 4zm 4 
— — r 
L SL 
(b) Find dT/dr: dT 4am ye 2T 
— = 2) —— |r =2) — |r =— 
dr aL 
Solve for dT/T: dT dr AT Ar 
= 2— or = 2 
T r T r 
(c) Using the equation we just AT _ 34d ? i nn 
derived, substitute for the change in T y 365.24d 1460 r 


the period of the earth: 
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Solve for and evaluate Ar: ff _ 6.37x 10° km 
2(1460) —-2(1460) 


=| 2.18km 
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Picture the Problem Let @ be the angular velocity of precession of the earth-as- 
gyroscope, @, its angular velocity about its spin axis, and / its moment of inertia with 
respect to an axis through its poles, and relate @ to @, and J using its definition. 


Use its definition to express the T 
precession rate of the earth as a giant es 
gyroscope: 

Substitute for / and solve for rt. t= La, = loo, 


Express the angular velocity @, of 


of etch the peace oraonet 
: : wo @ = —where T is the period of rotation o 
the earth about its spin axis: T Pp 


the earth. 
Substitute to obtain: 271, 
(_—_ ne = 

T 


Substitute numerical values and evaluate. 


- 2 (8.03%10" kg-m’)(7.66x10?s" 
- 24h _ 3600s 

1d x —x 

dh 


4 4.47x102N-m 
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Picture the Problem The applied torque accelerates the system and increases the tension 
in the string until it breaks. The work done before the string breaks is the change in the 
kinetic energy of the system. We can use Newton’s 2™ law to relate the breaking tension 
to the angular velocity of the system at the instant the string breaks. Once the applied 
torque is removed, angular momentum is conserved. 


Express the work done before the W=AK =K, =1+1,@; (1) 
string breaks: 


ont Ly =1(x)= My Ley, + 2mx? 
system (see Table 9-1): = “(1 2kg)(I 6m) = 2(0.4kg)x’ 


= 0.256kg-m? +(0.8kg)x° 


Express the moment of inertia of the l=] 
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Evaluate J = /(0.4 m): 


Using Newton’s 2™ law, relate the 
forces acting on a disk to its angular 
velocity: 


Solve for a; 


Substitute numerical values and 
evaluate ar. 


Substitute in equation (1) to express 
the work done before the string 
breaks: 


Substitute numerical values and 
evaluate W: 


With the applied torque removed, 
angular momentum is conserved and 
we can express the angular 
momentum as a function of x: 


Solve for (x) : 


Substitute numerical values to obtain: 
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I, =1(0.4m) 
= 0.256kg-m? +(0.8kg)(0.4m) 
= 0.384kg-m?* 


=o 2 
Da =T =mra, 


where 7 is the tension in the string at which 
it breaks. 


QO; = \ at 
100N 
= |——_——_~. = 25.0rad/ 
@: ¥(0.4kg)(0.4m) — 
W =41,0; 


We 1(0.384kg -m? (25 rad/s) 


-[1207 


L=I1,0, 


=] (x)o(x) 


(x)= He: 


I(x) 


nee (0.384 kg- m?)(25 rad/s) 
0.256kg-m? +(0.8kg)x? 
7 9.60J-s 
| 0.256kg-m? + (0.8kg)x? 


Picture the Problem The applied torque accelerates the system and increases the tension 


in the string until it breaks. The work done before the string breaks is the change in the 


kinetic energy of the system. We can use Newton’s 2™ law to relate the breaking tension 


to the angular velocity of the system at the instant the string breaks. Once the applied 
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torque is removed, angular momentum is conserved. 


Express the work done before the 
string breaks: 


Express the moment of inertia of the 
system (see Table 9-1): 


Substitute numerical values to 
obtain: 


Evaluate J; = 1(0.4 m): 


Using Newton’s 2™ law, relate the 
forces acting on a disk to its angular 
velocity: 


Solve for a; 


Substitute numerical values and 
evaluate ar. 


With the applied torque removed, 
angular momentum is conserved and 
we can express the angular 
momentum as a function of x: 


W=AK=K,=11,o; (1) 


T=1,,4+21, =I(x)=$M,,22,+2mx? 


cyl’~cyl 


7=4(1.2kg)(1.6m) +2(0.4kg)x? 
= 0.256kg-m? +(0.8kg)x? 


I, = 1(0.4m) 
= 0.256kg-m? +(0.8kg)(0.4m)" 
= 0.384kg-m* 


> FayH lane; 


where 7 is the tension in the string at which 
it breaks. 


O, = ,|— 
mr 


100N 
O; aie 5.0rad/s 


L=I1,@; 


=I (x)o(x) 


Solve for a(x): is : 1,0, 
I(x) 
Substitute numerical values and simplify to obtain: 
ie\e (0.384kg-m?)(25rad/s) _ 9.60J-s 


0.256kg-m?+(0.8kg)x? 0.256kg-m? +(0.8kg)x’ 


Evaluate @(0.8 m): 


800 Chapter 10 


«(0.8 m) 


9.60J-s 
7 =| 12.5rad/s | 
0.256kg-m? +(0.8kg)(0.8m) = 


Remarks: Note that this is the angular velocity in both instances. Because the disks 
leave the cylinder with a tangential velocity of + Lw, the angular momentum of the 


system remains constant. 
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Picture the Problem The applied torque accelerates the system and increases the tension 


in the string until it breaks. The work done before the string breaks is the change in the 


kinetic energy of the system. We can use Newton’s 2™ law to relate the breaking tension 


to the angular velocity of the system at the instant the string breaks. Once the applied 


torque is removed, angular momentum is conserved. 


Express the work done before the 
string breaks: 


Using the parallel axis theorem and 
treating the disks as thin disks, 
express the moment of inertia of the 
system (see Table 9-1): 


Substitute numerical values to 
obtain: 


Evaluate J; = 1(0.4 m): 


Using Newton’s 2™ law, relate the 
forces acting on a disk to its angular 
velocity: 


Solve for @¢ 


Substitute numerical values and 
evaluate ar. 


W =AK =K, =1+1,@; (1) 


I(x) = Loy +22 p 
= ML’ +4.MR’ +2(LmR? +mx’) 
=LM(L +6R?)+2m(LR? +x?) 


1(x)=4(1.2kg)|(1.6m) +6(0.4m) | 
+ 2(0.4kg) [1 (0.4m) +x°| 
= 0.384kg-m? + (0.8kg)x’ 


I, =1(0.4m) 
= 0.384kg-m? +(0.8kg)(0.4m)° 
=0.512kg-m?* 


> Fa =F = mre; 


where 7 is the tension in the string at which 
it breaks. 


DO; = .{— 
mr 


100N 
= ST 2 7 
O; lewenes 5.0 rad/s 
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Substitute in equation (1) to express W=1I,0; 
the work done before the string 
breaks: 
Substitute numerical values and W= 1(0.5 12kg-m? (2s rad/s) 
evaluate W: 
=| 160J 
With the applied torque removed, L=1,0; 
angular momentum is conserved and =I (x)o(x) 


we can express the angular 
momentum as a function of x: 


Solve for a(x): ax) _ 1,0, 


Substitute numerical values to obtain: ae (0.5 12kg-m? \(25 rad/s) 
~ 0.384kg-m? + (0.8kg)x’ 


7 12.83 +s 
0.384kg-m? +(0.8kg)x? 
*Q7 eve 


Picture the Problem Let the origin of the coordinate system be at the center of the pulley 


with the upward direction positive. Let 1 be the linear density (mass per unit length) of 
the rope and LZ, and L, the lengths of the hanging parts of the rope. We can use 
conservation of mechanical energy to find the angular velocity of the pulley when the 
difference in height between the two ends of the rope is 


7.2m. 

(a) Apply conservation of energy to AK +AU =0 

relate the final kinetic energy of the or, because K; = 0, 

system to the change in potential K+AU =0 (1) 
energy: 

Express the change in potential AU =U, -U; 

energy of the system: 2-47 ALA) (tA le 


-[-41,(L,4)g —7L,; (L,,A)g] 
= -1(Ei, +B, gst(E, +e 
=-14 gl(Z, + i) be +L, ) 
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Because L, + Ly = 7.4 m, 
1; = Li = 0.6 m, and 
Lop—Lyp= 7.2 m, we obtain: 


Substitute numerical values and 
evaluate AU: 


Express the kinetic energy of the 
system when the difference in 
height between the two ends of the 
rope is 7.2 m: 


Substitute numerical values and 
simplify: 


Substitute in equation (1) and solve 
for @.: 


(6) Noting that the moment arm of 
each portion of the rope is the same, 
express the total angular momentum 
of the system: 


Letting @be the angle through which 
the pulley has turned, express U( 0): 


Express AU and simplify to obtain: 


Assuming that, at t= 0, £4; = Li: 


Ly= 3.4 m, Ly; = 4.0 m, 
Lig= 0.1 m, and Lop= 7.3 m. 


AU =—4(0.6kg/m)(9.81m/s”) 
x|(0.1my +(7.3m)/ 
- (3.4m) -(4m)'] 


2 
K =1[1(2.2kg)+4.8kg] a o 
20 
= (0.1076kg-m? Jo” 


(0.1076kg-m? ko? — 75.75] =0 


and 


O= oa 26.5 rad/s 
0.1076kg-m 


L=L,+L,=1,0+M,R’o 
=(1M,R? +M,R? ko (2) 
=(1M,+M, )R’@ 


U(0)= -2|(z, —R6) ee (hy a Roy fg 


AU =U, -U, =U(6)-U(0) 
= a —R6) +(L,, +Roy hg 
47 +B, ag 
=-R’@Ag+(L,-L,)RAg 


AU x-R°@ Ag 
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Substitute for K and AU in equation (0. 1076kg-m* \o -R°PAg=0 
(1) to obtain: 
Solve for a: ROAg 

O= 


\ 0.1076kg-m°* 


Substitute numerical values to 12mV 
obtain: : (0.6kg/m)(9.81m/s") 
0.1076kg-m 

=(1.41s")@ 

Express was the rate of change of do 7 (1 41s")o = do = (1 Als“ dt 

0: dt 0 

Integrate 0 from 0 to Oto obtain: Ind= (1 Als"t 

Transform from logarithmic to O(t) = oll Ais} 

exponential form to obtain: 

Differentiate to express was a ol t) = do = (1 Als” (.4is7) 

function of time: 

Substitute for w in equation (2) to L-= (Lu, +M, \r°(1 Als? (141s) 


obtain: 


Substitute numerical values and evaluate L: 


L =[4(2.2kg)+ (4a) 2) [ Ais*)el's"|=[(0.303kg-m? /sjeF 
TW 
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Chapter 11 
Gravity 


Conceptual Problems 


*T e 

(a) False. Kepler’s law of equal areas is a consequence of the fact that the 
gravitational force acts along the line joining two bodies but is independent 
of the manner in which the force varies with distance. 


(6) True. The periods of the planets vary with the three-halves power of their distances 
from the sun. So the shorter the distance from the sun, the shorter the period of the 
planet’s motion. 


2 e 
Determine the Concept We can apply Newton’s 2™ law and the law of gravity to the 
satellite to obtain an expression for its speed as a function of the radius of its orbit. 


Apply Newton’s 2™ law to the _ GMm a 
satellite to obtain: 2 ae pe “ ‘io 
where / is the mass of the object the 
satellite is orbiting and m is the mass of the 


satellite. 


Solve for v to obtain: GM 


r 
Thus the speed of the satellite is 


independent of its mass and: (c) is correct. 


3 oo 
Picture the Problem The acceleration due to gravity varies inversely with the square of 


the distance from the center of the moon. 


Express the dependence of the a! 
acceleration due to the gravity of the r 
moon on the distance from its 


center: 
Express the dependence of the me 1 
acceleration due to the gravity of the Re 


moon at its surface on its radius: 


837 
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Divide the first of these expressions a’ Re 
by the second to obtain: ar 
Solve for a’: a Ry, i 
a'=—a= 7a= 7,8 
F (4R,, ) 


and| (d) is correct. 


4 e 
Determine the Concept Measurement of G is difficult because masses accessible in the 
laboratory are very small compared to the mass of the earth. 


5 ° 
Determine the Concept The escape speed for a planet is given byv, =./2Gm/R . 


Between vy, depends on the square root of M, doubling M increases the escape speed by a 


factor of /2 and (a) is correct. 


6 oo 
Determine the Concept We can take careful measurements of its position in order to 


determine whether its trajectory is an ellipse, a hyperbola, or a parabola. If the path is an 
ellipse, it will return; if its path is hyperbolic or parabolic, it will not return. 


7 oo 

Determine the Concept The gravitational field is proportional to the mass within the 
sphere of radius r and inversely proportional to the square of 7, i.e., proportional 

tor? / r’ =P. 


*8 e 

Determine the Concept Let m represent the mass of Mercury, Ms the mass of the sun, v 
the orbital speed of Mercury, and R the mean orbital radius of Mercury. We can use 
Newton’s 2" law of motion to relate the gravitational force acting on the Mercury to its 
orbital speed. 


Use Newton’s 2” law to relate the F = GM.m oe 
gravitational force acting on = R’ R 


Mercury to its orbital speed: 


Simplify to obtain: 
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Picture the Problem We can use the definition of the gravitational field to express the 
ratio of the student’s weight at an elevation of two earth radii to her weight at the surface 
of the earth. 


Express the weight of the student at w=mg = GM,.m 

the surface of the earth: fies 

Express the weight of the student at _ 1 GM ,,m 

. a w=mg = 2 

an elevation of two earth radii: (3R, ) 

Express the ratio of w’ to w: GM,m 
w' (Ry _ 1 
—= = —and | (d) is correct. 
Ww GM,,m 9 ie ( ) 

R; 
10 eo 


Determine the Concept One such machine would be a balance wheel with weights 
attached to the rim with half of them shielded using Cavourite. The weights on one side 
would be pulled down by the force of gravity, while the other side would not, leading to 
rotation, which can be converted into useful work, in violation of the law of the 
conservation of energy. 


Estimation and Approximation 


11 ° 
Picture the Problem To approximate the mass of the galaxy we’ll assume the galactic 
center to be a point mass with the sun in orbit about it and apply Kepler’s 3™ law. 


Using Kepler’s 3™ law, relate the Arr? 
period of the sun 7 to its mean Ag? M 
distance r from the center of the a s__ 73 
galaxy: GM galaxy G_sley 
M, 
3 M M 
Solve for to obtain: ;, ee a 
T ro M, _ OM, 
T° An? An? 
M GM 
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If we measure distances in AU and Ar? ~ M ; 
times in years: =land — =— 
GM, M, 
Substitute numerical values and : P 
evaluate Meataxy/Ms: 3x10* LY x 6.3x10° AU 
BT sees LY 
M, (250x10° y) 
=1.08x10" 
or 
galaxy — 1.08x10"'M, 


*12 ecco 
Picture the Problem We can use Kepler’s 3™ law to find the size of the semi-major axis 
of the planet’s orbit and the conservation of momentum to find its mass. 


(a) Using Kepler’s 3" law, relate the Ar 

2 iG 3 
period of this planet 7 to the length r [= GM... M r 
of its semi-major axis: 


Iota Draconis 


47? 
M, 7 
= —___4___ 
G M Iota Draconis 
M, 
Ar’ 
GM, 3 
= ———_4__r 
M iota Draconis 
M, 
If we measure time in years, Agr? ; l : 
distances in AU, and masses in G =land T° = __———_r 
terms of the mass of the sun: s ~~ Tota Draconis 
M, 
Solve for r to obtain: 
" r=3 Mota Draconis T° 

\y &M, 
Substitute numerical values and 1.05M 
evaluate r: r=3|| ———* \(1.5yY =| 1.33AU 

(Sir Jesyy = Le3sa0) 
(b) Apply conservation of mv = Iota Draconis 


momentum to the planet (mass m 
and speed v) and the star (mass Miota 
Draconis 2nd speed V) to obtain: 


Solve for m to obtain: 


Use its definition to find the speed 
of the orbiting planet: 


Substitute numerical values and 
evaluate v: 


Express m in terms of the mass Mj 
of Jupiter: 
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Vy 


Iota Draconis __ 
Vy 


m=M 


pe 
At T 


11 
2of.33aux/S<tm) 


1.50y 


365.25d 24h 3600s 
x x x 
y d h 
= 2.65x10* m/s 


296 m/s 
2.65x10* m/s 


m= M voa = 


= 0.0112M 0. praconis 

= 0.0112(1.05M,,, ) 

= 0.0112(1.05)(1.99x10" kg) 
= 2.3410" kg 


m — 2.34x10* kg _ 


= = =123 
M,  1.90x107" kg 
or 
m=| 12.3M, 


Remarks: A more sophisticated analysis, using the eccentricity of the orbit, leads to 
a lower bound of 8.7 Jovian masses. (Only a lower bound can be established, as the 


plane of the orbit is not known.) 
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Picture the Problem We can apply Newton’s law of gravity to estimate the maximum 
angular velocity which the sun can have if it is to stay together and use the definition of 
angular momentum to find the orbital angular momenta of Jupiter and Saturn. In part (c) 
we can relate the final angular velocity of the sun to its initial angular velocity, its 
moment of inertia, and the orbital angular momenta of Jupiter and Saturn. 


(a) Gravity must supply the 
centripetal force which keeps an 
element of the sun’s mass m rotating 
around it. Letting the radius of the 
sun be R, apply Newton’s law of 
gravity to an element of mass m to 
obtain: 


where we’ ve used the inequality because 
we’re estimating the maximum angular 
velocity which the sun can have if it is to 
stay together. 
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Solve for a: GM 


Substitute numerical values and evaluate o: 


-l11 2 2 30 
ov [eetent0 N-m’/kg”}{1.99x10° ke) _-e5g—49 Fae 


(6.96 10° m) 


Calculate the period of this motion on on 
from its angular velocity: Ba. ORO ads 


lh 
=1.00x10* sx =| 2.78h 
55006 7 L2:78h | 


(b) Express the orbital angular L, =m,nv, and Ly = mgr5V, 
momenta of Jupiter and Saturn: 


Express the orbital speeds of Jupiter 21, 2n rs 
and Saturn in terms of their periods Vis and Vs = 
and distances from the sun: ! ° 
Substitute to obtain: a) 2 2 
7 M,r 20 M.I, 
L, =——“and L, = ——S* 
T, s 


Substitute numerical values and evaluate L, and Ls: 


2n(318M,,. 7? _ 2x(318)(5.98x10* kg)(778x10° m)” 
tO! 365.25 24h 3600s 


J 


11.9yx 
y d h 
=| 1.93x10* kg-m?/s 
and 
7, = 27(95.1M; eg _ 2(95.1)(5.98%10™ kg)(1430%10" m)° 
mie: ite . 365.25d_ 24h 3600s 
29.5yx x 7 x 
=| 7.85x10” kg-m7/s 
Express the angular momentum of hit. 
the sun as a fraction of the sum of f= Fee 
the angular momenta of Jupiter and pers 
Saturn: 1.91x10" kg-m7/s 


(19.3+7.85)x 10” kg-m?/s 


- [0703 


(c) Relate the final angular 
momentum of the sun to its initial 
angular momentum and the angular 
momenta of Jupiter and Saturn: 


Solve for @; to obtain: 


Substitute for @ and gun: 


Substitute numerical values and evaluate wr 


20 
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L=£L,+1,+£, 
or 


Lan®p = Ly, O, + Ly + Ly 


sun sun 1 


Ltd 
O, = 0,+—— 
ta 
20 Litle 
O, =——+ 5 
Ht 0.059M ae 


(19.3+7.85)x10” kg-m?/s 


QO, = 


~] 4.80x10~ rad/s | 


+ 
30d x 248 ,, 36008 — 0.059(1.99x 10" kg \6.96x 108 m)" 
doh 


Note that this result is about 76% of the maximum possible rotation allowed by gravity 


that we calculated in part (a). 
Kepler’s Laws 
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Picture the Problem We can use the relationship between the semi-major axis and the 
distances of closest approach and greatest separation, together with Kepler’s 3“ law, to 
find the greatest separation of Alex-Casey from the sun. 


Letting x represent the greatest 
distance from the sun, express the 
relationship between x, the distance 
of closest approach, and its semi- 
major axis R: 


Solve for x to obtain: 
Apply Kepler’s 3™ law, with the 
period 7 measured in years and R in 


AU to obtain: 


Solve for R: 


Substitute numerical values and 
evaluate R: 


Substitute in equation (1) and 
evaluate R: 


pa xt0-1AU 
2 
x =2R-0.1AU (1) 
T?’=R 
R=NT’ 


R=4(1274y) =25.3AU 
x = 2(25.3AU)-0.1AU = 
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15 
Picture the Problem We can use Kepler’s 3™ law to relate the period of Uranus to its 
mean distance from the sun. 


Using Kepler’s 3™ law, relate the jie 6 


period of Uranus to its mean An? 


where C = = 2.973 x10? s7/m?*. 


distance from the sun: 


Ss 


Solve for T: T= Cr 


Substitute numerical values and evaluate 7: 


7 = ¥(2.973x10- s*/m’) (2.8710! m) 


lh ld ly 
= 2.651x10°sx x x =| 84.0 
3600s 24h 365.25d 


16 
Picture the Problem We can use Kepler’s 3™ law to relate the period of Hektor to its 
mean distance from the sun. 


Using Kepler’s 3™ law, relate the T’? =Cr° 
eriod of Hektor to its mean z 
Ms ise C= = 2.973x10 s2/m?. 
distance from the sun: : 
Solve for T: Palle 


Substitute numerical values and evaluate 7: 


re 
T = ||(2.973x10 sm s6aus iSO m) 


lh ld ly 
= 3.713x10°sx x ——_ x 2 =| 11.8 
3600s 24h 365.25d 


17 eo 

Picture the Problem Kepler’s 3“ law relates the period of Icarus to the length of its 
semimajor axis. The aphelion distance r, is related to the perihelion distance r, and the 
semimajor axis by7, +7, = 2a. 
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(a) Using Kepler’s 3“ law, relate the =Car 


period of Icarus to the length of its hee = as = 2973x107 s2/m?. 


Ss 


semimajor axis: 


Solve for a: T? 
a= 3/_—_ 
Ve 
Substitute numerical values and 365.25d 24h 3600s 2 
evaluate a: l.lyx o ws 
3 y d h 
a= 
\ 2.973 x10” s*/m? 
=| 1.59x10''m 
(b) Use the definition of the r, =a(l-e) 
eccentricity of an ellipse to = (1 59x10! m\I _ 0.83) 
determine the perihelion distance of 0 
Teanixs =| 2.71x10° m 
Express the relationship between r, = 2a 
and r, for an ellipse: 
Solve for and evaluate ry: r, =2a-r, 
= 2(1.59x10"' m)-2.71x10! m 
=| 2.91x10''m 
18 eo 


Picture the Problem The Hohmann transfer orbit is shown in the diagram. We can apply 
Kepler’s 3™ law to relate the time-in-orbit to the period of the spacecraft in its Hohmann 
Earth-to-Mars orbit. The period of this orbit is, in turn, a function of its semi-major axis 
which we can find from the average of the lengths of the semi-major axes of the Earth 
and Mars orbits. 
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Using Kepler’s 3™ law, relate the T’=R 
period 7 of the spacecraft to the 
semi-major axis of its orbit: 


Solve for 7 to obtain: ra=VR? 


Relate the transit time to the period t. =ipailR 
of this orbit: trip — 2 2 


Express the semi-major axis of the 1.52AU+1.00 AU 
Hohmann transfer orbit in terms of = a ce 
the mean sun-Mars and sun-Earth 

distances: 


=1.26AU 


Substitute numerical values and 2. ol 
evaluate trip: trip ~ 2 


365.24d 


(1.26 AU) 
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Picture the Problem We can use a property of lines tangent to a circle and radii drawn to 
the point of contact to show that b = 90°. Once we’ve established that b is a right angle 
we can use the definition of the sine function to relate the distance from the sun to Venus 
to the distance from the sun to the earth. 


(a) The line from earth to Venus’ , 
orbit is tangent to the orbit of Venus 

at the point of maximum extension. 

Venus will appear closer to the sun 

in earth’s sky when it passes the line 

drawn from earth and tangent to its 

orbit. Hence: 


(6) Using trigonometry, relate the 
distance from the sun to Venus dsy 
to the angle a: 


_ d, 
sina = — 


Solve for dsy: dy =dg, sina 


Substitute numerical values and . (I AU)sin 47° -| 0.731AU 
evaluate dsy: ~ 


Remarks: The correct distance from the sun to Venus is closer to 0.723 AU. 


20. 

Picture the Problem Because the gravitational force the Earth exerts on the moon is 
along the line joining their centers, the net torque acting on the moon is zero and its 
angular momentum is conserved in its orbit about the Earth. Because energy is also 
conserved, we can combine these two expressions to solve for either v, or v, initially and 
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then substitute in the conservation of angular momentum equation to find the other. 


Letting m be the mass of the moon, mv Pr, = mvt, 
apply conservation of angular 


or 
momentum to the moon at apogee 
: . Vor,=vVF 
and perigee to obtain: ae a 
Solve for v,: r, 
v= ¥,, (1) 
‘ 
Apply conservation of energy to the ] > GMm 1 > GMm 
moon-earth system to obtain: mY 5 TN 
: ig 
or 
1, GM 1, GM 
=—v 
Pp 
Z if, 2 r, 


Substitute for v, to obtain: 


Solve for v, to obtain: 


Substitute numerical values and evaluate v,: 


2(6.673x10"" N-m/kg?) (5.98 10" kg) l =[1.09 kmis | 


po 3.576x10°m |, 3:576%10° m 
4.064x10° m 
Substitute numerical values in 7 3.576x10%m 


(1.09 km/s) 


equation (1) and evaluate v,: v= 4.064x10°m 


- [0957 


Newton’s Law of Gravity 
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Picture the Problem We can use Kepler’s 3“ law to find the mass of Jupiter in part (a). 
In part (6) we can express the centripetal accelerations of Europa and Callisto and 
compare their ratio to the square of the ratio of their distances from the center of Jupiter 
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to show that the given data is consistent with an inverse square law for gravity. 


(a) Assuming a circular orbit, apply 
Kepler’s 3" law to the motion of 
Europa to obtain: 


Solve for the mass of Jupiter: 


Substitute numerical values and 
evaluate Mj: 


(5) Express the centripetal 
acceleration of both of the moons to 
obtain: 


Using this result, express the 
centripetal accelerations of Europa 
and Callisto: 


Substitute numerical values and 
evaluate ar: 


Substitute numerical values and 
evaluate ac: 


Evaluate the ratio of these 
accelerations: 


An” 
T? _ 3 
E GM, E 
An? 
M,;= 2 : 
GT; 
Wise An? 
1 (6.67310 N-m’/kg’) 
(6.71x10° m) 
2 
[s.ssax 24h ee) 
doh 


=| 1.90x107’ kg . a result in 


excellent agreement with the 
accepted value of 1.902 x 107’ kg. 


2aRY 
vi _\T } _40R 


R R re 
where R and T are the radii and periods of 
their motion. 


2 2 
pos ayes 

qT; Cc 

427(6.71x10° m) 


“=~ 1G.55d)(24h/d)(3600s/h)p 
= [03am] 


— 4n7(18.8x 10% m) 
“c * [(16.74)(24h/d)(3600s/h)f 


=| 0.0356 m/s” 


a, _ 0.282m/s? 
a. 0.0356m/s” 


=7.91 
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Evaluate the square of the ratio of 2 eee 
the distance of Callisto divided by (Fs) “ [pete = 7.85 
the distance of Europa to obtain: R, 6.71x10°m 


The close agreement (within 1%) of our last two calculations strongly supports 


the conclusion that the gravitational force varies inversely with the square of 


the distance. 


*22 ¢ 

Determine the Concept The weight of anything, including astronauts, is the reading of a 
scale from which the object is suspended or on which it rests. If the scale reads zero, then 
we say the object is "weightless." The pull of the earth’s gravity, on the other hand, 
depends on the local value of the acceleration of gravity and we can use Newton’s law of 
gravity to find this acceleration at the elevation of the shuttle. 


(a) Apply Newton’s law of GmM , 
gravitation to an astronaut of mass ME shuttle = (a+R.) 
m ina shuttle at a distance h above E 
the surface of the earth: 


Solve for gshuttte! é _ GM, 
shuttle (h + R. y 


Substitute numerical values and evaluate gehutte: 


(6.673 10"! N-m?/kg?)(5.98 x10” kg) : 
-pee ee POE =] 8.71 m/ 
S shuttle (400 km + 6370km)" 


Because they are in "free fall" everything on the shuttle is falling toward 
(b)| the center of the earth with exactly the same acceleration, so the astronauts 


will seem to be "weightless." 


23 ° 
Picture the Problem We can use Kepler’s 3™ law to relate the periods of the moons of 
Saturn to their mean distances from its center. 


(a) Using Kepler’s 3“ law, relate the T= 4n* , 
period of Mimas to its mean MGM . 
distance from the center of Saturn: 
Solve for Tu: Arr? 

Ty = ™ 
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(b) Using Kepler’s 3™ law, relate the 
period of Titan to its mean distance GM, 


from the center of Saturn: 


Substitute numerical values and evaluate Thy: 


_ 427(1.86x10°m) - 
oe (5.6910 kg)(6.6726x 10" N-m’/kg’) ~ 


Solve for rr: T; GM, 


Substitute numerical values and evaluate rz: 


2 = 
a | (1.38 10° s) (6.6726 x as -m?/kg?)(5.69 10° kg) _ 


24 - 
Picture the Problem We can use Kepler’s 3™ law to relate the period of the moon to the 


mass of the earth and the mean earth-moon distance. 


(a) Using Kepler’s 3™ law, relate the r An? 3 
period of the moon to its mean orbital = GM, = 
radius: 
Solve for Mz: An? 

olve for Mp ae a 3 

GT,, 
Substitute numerical values and evaluate Mf: 
4n°(3.84x 108 m)° 
a n(3.84%108 m) ; =[ 6.0210" kg 


(6.672610 N-m‘ikg’) 27.34 a i ; 


Remarks: This analysis neglects the mass of the moon; consequently the mass 
calculated here is slightly too great. 


25 * 
Picture the Problem We can use Kepler’s 3™ law to relate the period of the earth to the 
mass of the sun and the mean earth-sun distance. 
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(a) Using Kepler’s 3™ law, relate the 
period of the earth to its mean GM, 
orbital radius: 


Solve for Ms: M An? , 


Substitute numerical values and evaluate Ms: 


4n°(1.496x10'' m)° 


4496x010" mm 
(6.6726 x10" Nm) ty 365.25d s : _ 


=| 1.99x10" kg 


M,= 


*26 ° 
Picture the Problem We can relate the acceleration of an object at any elevation to its 
acceleration at the surface of the earth through the law of gravity and Newton’s 2™ law of 


motion. 
Letting a represent the acceleration GmM 
ee DF radial > = ma 
due to gravity at this altitude (Rp) (2 R,) 
and m the mass of the object, apply and 
Newton’s 2™ law and the law of GM, 
gravity to obtain: a= (2R y (1) 
E 
Apply Newton’s 2™ law to the same ‘ = GmM , = 
object when it is at the surface of the = R; 
earth: and 
GM, 
ns (2) 
Ry 
Divide equation (1) by equation (2) a R; 
and solve for a: g 7 AR; 
and 
a=1+g =+(9.81m/s?)=| 2.45m/s” 
27 


Picture the Problem Your weight is the local gravitational force exerted on you. We can 
use the definition of density to relate the mass of the planet to the mass of earth and the 
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law of gravity to relate your weight on the planet to your weight on earth. 


Using the definition of density, M,=pV, =4 pam; 
relate the mass of the earth to its 
radius: 
Relate the mass of the planet to its M,=pV,=4p mm: 
radius: =4p x(l OR, y 
Divide the second of these equations M, 4 ve) n(I OR, y 
by the first to express Mp in terms of M. ~ 4 oR : 
Mg: 
2 and 

M, =10°M, 
Letting w’ represent your weight on oie GmM, _ Gm(10°M ») 
the planet, use the law of gravity to R; (1 OR, i 
relate w’ to your weight on earth: GmM 

=10——£ =| 10w 
E 

where w is your weight on earth. 

28s 


Picture the Problem We can relate the acceleration due to gravity of a test object at the 


surface of the new planet to the acceleration due to gravity at the surface of the earth 
through use of the law of gravity and Newton’s 2" law of motion. 


Letting a represent the acceleration y _GmM, _ ‘ 
due to gravity at the surface of this ver (4 i y 
new planet and m the mass of a test acl 
object, apply Newton’s 2" law and GM 
E 
the law of gravity to obtain: aaa 2 
(5 Ry ) 
. . . . so GM 
Simplify this expression to obtain: pea a =4¢ =| 39.2 ine? 


E 
29° 
Picture the Problem We can use conservation of angular momentum to relate the 


planet’s speeds at aphelion and perihelion. 


Using conservation of angular L,=L, 
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momentum, relate the angular or 
momenta of the planet at aphelion mvt, =mv,", 
and perihelion: 


Solve for the planet’s speed at eae via 

aphelion: an A 

Substitute numerical values and 7 (5 x10* m/s)(I 0x10" m) 
evaluate v,: an 2.2x10' m 


=| 2.27x10' m/s 


30 

Picture the Problem We can use Newton’s law of gravity to express the gravitational 
force acting on an object at the surface of the neutron star in terms of the weight of the 
object. We can then simplify this expression be dividing out the mass of the object ... 
leaving an expression for the acceleration due to gravity at the surface of the neutron star. 


Apply Newton’s law of gravity to an GM jeutron Star! 
object of mass m at the surface of R2 = mg 


the neutron star to obtain: Neon ; 
where g represents the acceleration due to 


gravity at the surface of the neutron star. 


Solve for g and substitute for the GME oct G(l 60M an) 
mass of the neutron star: §= R2 =~ 2 
Neutron Star Neutron Star 


Substitute numerical values and evaluate g: 


-11 2 2 30 
o¢ = 1:60(6.673 x10" N-m*/kg?\1.99%10" kg) _ os Toh ae 


(10.5 km)” 


*31 ee 
Picture the Problem We can use conservation of angular momentum to relate the 
asteroid’s aphelion and perihelion distances. 


Using conservation of angular L,=L, 

momentum, relate the angular on 

momenta of the asteroid at aphelion mv, fr, =Mv,!, 

and perihelion: 

Solve for and evaluate the ratio of Bes 20 km/s 11.43 
the asteroid’s aphelion and A.-M, 14km/s 


perihelion distances: 


854 Chapter 11 


32 eo 

Picture the Problem We’|I use the law of gravity to find the gravitational force acting on 
the satellite. The application of Newton’s 2™ law will lead us to the speed of the satellite 
and its period can be found from its definition. 


(a) Letting m represent the mass of F GmM mR, g 
the satellite and / its elevation, use 5 ( R.+ hy ( jae hy 
the law of gravity to express the 


mg 
gravitational force acting on it: 7 h 2 
1+— 
R, 
Substitute numerical values and a (300 kg)(9.81N/ kg) 
evaluate F,: : h : 5x10’m : 
1+ — he ao 
R, 6.37x10°m 
=| 37.6N 
(b) Using Newton’s 2™ law, relate —_ oe 
the gravitational force acting on the a y 
satellite to its centripetal 
acceleration: 
Solve for v: Fr 
gts tee 
Vm 
Substitute numerical values and (37.6 N)(6.37 x10°m+5x10’ m) 
y= 
evaluate v: \ 300kg 
=| 2.66 km/s 
(c) Express the period of the T= 2ar 
satellite: v 
Substitute numerical values and Te 2n(6.37 x10°m+5x10’ m) 
evaluate T: 7 2.66 x 10° m/s 
lh 
=1,33%10" sx =| 36.9h 
3600s 
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Picture the Problem We can determine the maximum range at which an object with a 
given mass can be detected by substituting the equation for the gravitational field in the 
expression for the resolution of the meter and solving for the distance. Differentiating 
g(r) with respect to r, separating variables to obtain dg/g, and approximating Ar with dr 
will allow us to determine the vertical change in the position of the gravity meter in the 
earth’s gravitational field is detectable. 


(a) Express the gravitational field of _ GM, 

the earth: = R; 

Express the gravitational field due g(r) _ Gm =1072.<10" GM, 
to the mass m (assumed to be a point r° = Ee 


mass) of your friend and relate it to 
the resolution of the meter: 


Solve for r: 10!!m 


Substitute numerical values and 


11 
r= (6.37x10° m) = (80kg) 


evaluate r: 5.98 x10” kg 
- 
(b) Differentiate g(r) and simplify to dg -—2Gm 2(Gm 2 
af a car an & 
obtain: dr r Por r 
Separate variables to obtain: dg 29 dr =1{07! 
g r 
Approximating dr with Ar, evaluate Ar = L 1( O* (6.37 x10° m) 
Ar with r= Rg: 
— =3.19x10%m 
=| 0.0319mm 
34. 


Picture the Problem We can use the law of gravity and Newton’s 2™ law to relate the 
force exerted on the planet by the star to its orbital speed and the definition of the period 
to relate it to the radius of the orbit. 
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Using the law of gravity and KMm v 


Newton’s 2” law, relate the force 7 r r 
exerted on the planet by the star to 
its centripetal acceleration: 


Solve for v” to obtain: v’ = KM 
Express the period of the planet: T= 2ar ar _ 2M ; 
v  VKM VKM 
or 
Ter 


*35 0s 
Picture the Problem We can use the definitions of the gravitational fields at the surfaces 
of the earth and the moon to express the accelerations due to gravity at these locations in 
terms of the average densities of the earth and the moon. Expressing the ratio of these 
accelerations will lead us to the ratio of the densities. 


Express the acceleration due to _GM, _Go,V, _ Go, +aR; 
gravity at the surface of the earth in Sr = R; 7 Re 7 R 
terms of the earth’s average density: =4Gp,7 R, 
Express the acceleration due to Ou =F Glut Ry 
gravity at the surface of the moon in 
terms of the moon’s average 
density: 
Divide the second of these equations &m _ Pm Bes 
by the first to obtain: 2, Pes 
R 

Solve for Pu : Pu. Ste 

Pe Pe Srky 
Substitute numerical values and Py _ (1.62m/s? )(6.37x10°m 

a 2 6 

evaluate Pu. Pe  \9.81m/s* \1.738x10° m 


Pr =| 0.605 
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Picture the Problem We can use the law of gravity to find the forces of attraction 
between the two masses and the definition of torque to determine the balancing torque 


required. 

(a) Use the law of gravity to express F= Gmm, 
the force of attraction between the r° 
two masses: 


Substitute numerical values and evaluate F: 


pp _ 6.672610" N-m/kg? )(10kg)(0.01kg) _ esa 5 N 
(0.06m)° 
(b) Use its definition to find the r = 2Fr = 2(1.85x10 N\(0.1m) 


torque exerted by the suspension to =/3-90%10 Nim 


balance these forces: 

Gravitational and Inertial Mass 

37 

Picture the Problem Newton’s 2™ law of motion relates the masses and accelerations of 


these objects to their common accelerating force. 


(a) Apply Newton’s 2™ law to the F=ma, 
standard object: 


Apply Newton’s 2” law to the F=m,a, 
object of unknown mass: 


Eliminate F' between these two he = ap 

equations and solve for my: : id 

Substitute numerical values and ae 2.6587 ue ( \= 2.27kg 
evaluate my: 1.1705 m/s 


(b) It is the inertial mass of m,. 
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Picture the Problem Newton’s 2™ law of motion relates the weights of these two objects 
to their masses and the acceleration due to gravity. 


(a) Apply Newton’s 2" law to the Fret = W, = mg 
standard object: 


Apply Newton’s 2" law to the Fret = W2 = M,8 
object of unknown mass: 


Eliminate g between these two W, 
equations and solve for my: Ww, 


Substitute numerical values and 56.6N 
m, =——— (lkg) =| 5.77k 
> 9.81N ( g) 


evaluate m2: 


Since this result is determined by the effect on m, of the earth's 


(b) 


gravitational field, it is the gravitational mass of m,. 


“35 6 

Picture the Problem Noting that g, ~ g>~ g, let the acceleration of gravity on the first 
object be g), and on the second be g>. We can use a constant-acceleration equation to 
express the difference in the distances fallen by each object and then relate the average 
distance fallen by the two objects to obtain an expression from which we can 
approximate the distance they would have to fall before we might measure a difference in 
their fall distances greater than 1 mm. 


Express the difference Ad in the Ad =d,-d, 
distances fallen by the two objects in 
time ¢: 
Express the distances fallen by each a= 12et? 
of the objects in time ¢: 
and 
d,=78ot° 
Substitute to obtain: Ad2tgPoigr= 1(g, = g,) t? 
Relate the average distance d fallen d= 1 gt? 
by the two objects to their time of ee 
fall: 
» 2d 
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Substitute to obtain: 2 A 
Mate? 2 oy 
& & 
Solve for d to obtain: g 
d = Ad = 
Ag 


Substitute numerical values and evaluate d: gs (1 03 m)(10'”) . 


Gravitational Potential Energy 


40° 
Picture the Problem Choosing the zero of gravitational potential energy to be at infinite 
separation yields, as the potential energy of a two-body system in which the objects are 
separated by a distance r, U (r) =— GMm/ r, where M and m are the masses of the two 
bodies. In order for an object to just escape a gravitational field from a particular 
location, it must have enough kinetic energy so that its total energy is zero. 


(a) Letting U(«) = 0, express the 0 GM ,m (1) 
gravitational potential energy of the r 
earth-object system: 
Substitute for GM; and simplify t GM jie 
or GM; and simplify to u(R,)= pm _ _— §Rym _ mgR, 


obtain: 7 R, R, 


Substitute numerical values and evaluate U(R5): 


U(R,,) = -(100kg)(9.81N/kg)(6.37 «10° m)=| —6.2510°J 


(5) Evaluate equation (1) with r = 2Rg: GM,m _ gRzm 
2R; 2R; 


= —zmgR, 


U(2R, )= 


Substitute numerical values and evaluate U(2R¢z): 


U(2R,)= —4(100kg)(9.81N/kg)(6.37 x 10° m)= 


(c) Express the condition that an Ka (2R. ) +U (2R, ) =0 
object must satisfy in order to or 
escape from the earth’s gravitational + mv, + U(2 R, ) -(0 
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field from a height Rx, above its 
surface: 


Solve for Vese: 


Substitute numerical values and 
evaluate Ves: 


41 


_ [6 2(3.12«10° 5) _ 
Vese = \ 100kg 7 | 7.90 km/s | 


Picture the Problem In order for an object to just escape a gravitational field from a 


particular location, an amount of work must be done on it that is equal to its potential 


energy in its initial position. 
Express the work needed to remove 
the point mass from the surface of 
the sphere to a point a very large 


distance away: 


Express the initial potential energy 
of the system: 


Substitute in equation (1) to obtain: 


42 ° 


W =AU =U, -U, 


or, because U;= 0, 


W =AU =-U, (1) 
y= _GMm, 
R 
W = GMm, 
R 


Picture the Problem Let the zero of gravitational potential energy be at infinity and let 


m represent the mass of the spacecraft. We’ ll use conservation of energy to relate the 


initial kinetic and potential energies to the final potential energy of the earth-spacecraft 


system. 


Use conservation of energy to relate 
the initial kinetic and potential 
energies of the system to its final 
energy when the spacecraft is one 
earth radius above the surface of the 
planet: 


K,—K,+U,=—U, =0 
or, because Ks = 0, 
— K(R,)+U(2R, )-U(R, )=0 (1) 
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Express the potential energy of the 
spacecraft-and-earth system when r 
the spacecraft is at a distance r from 


the surface of the earth: 


Substitute in equation (1) to obtain: 1 


Solve for v: 2 
a GM, _ |8Re _ eR. 
R; R, 


Substitute numerical values and evaluate v: yy — J(9.81m/s? (6.37 x10° m) 
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Picture the Problem Let the zero of gravitational potential energy be at infinity and let 
m represent the mass of the object. We'll use conservation of energy to relate the initial 
potential energy of the object-earth system to the final potential and kinetic energies. 


Use conservation of energy to relate K, -K,+U, —U,; =0 

the initial potential energy of the or, because K; = 0, 

system to its energy as the object is K(R, )+ U(Ry )- U(Ry + h) =0 (I) 
about to strike the earth: where A is the initial height above the 


earth’s surface. 


Express the potential energy of the U (r) ae GM ,,m 
object-earth system when the object r 
is at a distance r from the surface of 
the earth: 
Substitute in equation (1) to obtain: 1 Wine? GM ,m r GM ,m =i 
Ry R, +h 
Solve for v: san GM, GM, 
Key Ky seh 
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Substitute numerical values and evaluate v: 


a 2(9.81 m/s? )(6.37 x 10° m)(4x 10° m 
6.37x10°m+4x10°m 
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Picture the Problem Let the zero of gravitational potential energy be at infinity, m 


represent the mass of the object, and / the maximum height reached by the object. We’ Il 


use conservation of energy to relate the initial potential and kinetic energies of the object- 


earth system to the final potential energy. 


Use conservation of energy to relate 
the initial potential energy of the 
system to its energy as the object is 
about to strike the earth: 


Express the potential energy of the 
object-earth system when the object 
is at a distance r from the surface of 
the earth: 

Substitute in equation (1) to obtain: 


Solve for h: 


Substitute numerical values and evaluate h: 
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K, —K,+U, —U; =0 

or, because Ks = 0, 
K(R,)+U(R,)—-U(R, +h)=0 (1) 
where / is the initial height above the 
earth’s surface. 


M 
oj eel 
r 
GM ,.m GM,m 
i mv? E E — 
Re R, +h 
= R, 
= 2gR, 
ee 
Vv 
7 6.37x10°m 
2(9.81mi/s")[6.37%10%m) _, 
(410° m} 


=| 935km 


Picture the Problem When the point mass is inside the spherical shell, there is no mass 


between it and the center of the shell. On the other hand, when the point mass is outside 


the spherical shell we can use the law of gravity to express the force acting on it. In (5) 


we can derive U(r) from F(7). 
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(a) The force exerted by the shell on F.,. be [9] 
a point mass mo when mp Is inside 
the shell is: 
The force exerted by the shell on a - 2 GMm, » 
4 . s DP isis = MJ aa | r 
point mass mp when my is outside r 
the shell is: where TF is radially outward from the center 
of the spherical shell. 


r 


(b) Use its definition to express U(r) uy (*) = f Fdr=GMm [re ms 


for r>R: 
_| _GMm, 
r 
When r= R: u(R)= _ GMm, 
R 
= . dU 
(c) Forr<R, F =0 and: —=0=>[U = constant | 
dr 
(d) Because U is continuous, then for U (r) _U ( R) GMm, 


r<R: 


(e) A sketch of U as a function of 7/R (with GMmp = 1) is shown below: 


0.0 


-0.2 


-1.0 


rIR 
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46° 
Picture the Problem The escape speed from a planet is related to its mass according to 
= ./2GM/R , where M and R represent the mass and radius of the planet, 


respectively. 


Express the escape speed from Saturn: 2GM , (1) 
a 
eS R, 
Express the escape speed from Earth: 2GM Q) 
Vv = 
e.E R, 
Divide equation (1) by equation (2) 2GM, 
to obtain: vis VY Rs _ |R, My 
Ve E 2GM , Ry M, 
Y & 
Substitute numerical values and Ve 1 95.2 317 
Vy vie V947 1 
Vek 
Solve for and evaluate vs: v,, =3.17v,, =3.17(11.2 km/s) 


-[355kmis| 


47 
Picture the Problem The escape speed from the moon or the earth is given by 
= ,/2GM/R , where M and R represent the masses and radii of the moon or the earth. 


Express the escape speed from the moon: 


2GM ——— 
Ves = R aia 26K (1) 


m 


Express the escape speed from earth: 2GM 
eE R = = ./29,R, (2) 
E 


to obtain: 


Divide equation (1) by equation (2) ee m - oe m 
Vek gpR 


Solve for Vem: 


Substitute numerical values and 
evaluate Vem: 


#48 
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em ek 


gpk, 


Vem = (0.166 )(0.273)(11.2 km/s) 
=| 2.38km/s 


Picture the Problem We’!! consider a rocket of mass m which is initially on the surface 
of the earth (mass M and radius R) and compare the kinetic energy needed to get the 
rocket to its escape velocity with its kinetic energy in a low circular orbit around the 
earth. We can use conservation of energy to find the escape kinetic energy and Newton’s 
law of gravity to derive an expression for the low earth-orbit kinetic energy. 


Apply conservation of energy to 
relate the initial energy of the rocket 
to its escape kinetic energy: 


Letting the zero of gravitational 
potential energy be at infinity we 
have Us = Kr= 0 and: 


Apply Newton’s law of gravity to 
the rocket in orbit at the surface of 
the earth to obtain: 


Rewrite this equation to express the 
low-orbit kinetic energy F, of the 
rocket: 

Express the ratio of K, to Kz: 
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K,—-K,+U;-U;=0 


—K,-U,=0 
or 
=p -oMm 
R 
GMm v 
a 
R R 
K,=imv eli 
2R 
GMm 
K 2R 1 
= 7 K.=|2K 
K. Gum = > |. as 
R 


asserted by Heinlein. 


Picture the Problem Let the zero of gravitational potential energy be at infinity, m 


represent the mass of the particle, and the subscript E refer to the earth. When the particle 


is very far from the earth, the gravitational potential energy of the earth-particle system 


will be zero. We’Il use conservation of energy to relate the initial potential and kinetic 


energies of the particle-earth system to the final kinetic energy of the particle. 


Use conservation of energy to relate 
the initial energy of the system to its 
energy when the particle is very 


K, -K,+U,; —U, =0 
or, because U; = 0, 
K(%)—K(R, )-U(R, )=0 (1) 
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from the earth: 


GM ,,m 
Ry 
or, because GM, = gR;, 


Substitute in equation (1) to obtain: 
ne Lv? —4m(2v,)° + 


Solve for v.,: v,, =4/2(2v? — gR 


Substitute numerical values and evaluate v.,: 


Ve = Jab(ti.2x10 m/s} — (9.81 m/s? )(6.37 x10° m)| =[19.4km/s | 
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Picture the Problem Let the zero of gravitational potential energy be at infinity, m 


represent the mass of the particle, and the subscript E refer to the earth. When the particle 
is very far from the earth, the gravitational potential energy of the earth-particle system 
will be zero. We’Il use conservation of energy to relate the initial potential and kinetic 
energies of the particle-earth system to the final kinetic energy of the particle. 


Use conservation of energy to relate K,=K, +U,=U,=0 

the initial energy of the system to its or, because U; = 0, 

energy when the particle is very far K (co) —K (R, ) —-U (R,, ) =0 (1) 
away: 

Substitute in equation (1) to obtain: ti? Lmy? ‘ GM ,,m a 


or, because GM, = gR;, 


1 24 2 = 
zmv;, —zmv; +mgk, =0 


Solve for vj: Vv, =v, +2gR, 


Substitute numerical values and evaluate v;: 


v, = y (11.210? m/s} +2(9.81m/s?)(6.37x10° m) =[ 15.8km/s | 
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Picture the Problem We can use the definition of kinetic energy to find the energy 
necessary to launch a 1-kg object from the earth at escape speed. 


(a) Using the definition of kinetic 
energy, find the energy required to 
launch a 1-kg object from the 
surface of the earth at escape speed: 


(6) Using the conversion factor 


1 kW-h = 3.6 MJ, convert 62.7 MJ 
to kW-h: 


(c) Express the cost of this project in 
terms of the mass of the astronaut: 


Substitute numerical values and find 
the cost: 
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K=1mv; 


K = 62.7MJ x 


e 


= 1(Ikg)(11.2x10° m/s) 
=| 62.7MI 


1kW-h 
3.6 MJ 


- [FAW] 
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Cost = rate x required energy x mass 
kg 
Cost = $0.10 : 17.4kW-h (80kg) 
kW-h kg 
=| $139 


Picture the Problem Let m represent the mass of the body that is projected vertically 


from the surface of the earth. We’ll begin by using conservation of energy under the 


assumption that the gravitational field is constant to determine 


H'. We'll apply conservation of energy a second time, with the zero of gravitational 


potential energy at infinity, to express H. Finally, we’ll solve these two equations 


simultaneously to express H in terms of H’. 


Assuming the gravitational field to 
be constant and letting the zero of 
potential energy be at the surface of 
the earth, apply conservation of 
energy to relate the initial kinetic 
energy and the final potential energy 
of the object-earth system: 


Substitute for K; and U; and solve 
for H': 


Letting the zero of gravitational 
potential energy be at infinity, use 
conservation of energy to relate the 
initial kinetic energy and the final 


K, -K,+U, —U; =0 
or, because K-= U; = 0, 
—K,+U, =0 


—~1mv’ +mgH' =0 


and 


K, -K,+U, —U; =0 
or, because Ky = 0, 
—K,+U,—-U,; =0 


(1) 
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potential energy of the object-earth 


system: 
Substitute to obtain: 1.2  GMm  GMm _ 
x mv + =0 
Rut R, 
or 
2, 
Reta we 
Solve for v’: 
olve for v v =2gR? XL... 1 
Re Aya 
H 
=2eR 
2 dz £ 3) 
Substitute in equation (1) to obtain: 
q (1) H'=R, H 
pie a 2 | 
Solve for H: H- HE 
yt © i 
Orbits 
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Picture the Problem We can use its definition to express the period of the spacecraft’s 
motion and apply Newton’s 2™ law to the spacecraft to determine its orbital velocity. We 
can then use this orbital velocity to calculate the kinetic energy of the spacecraft. We can 
relate the spacecraft’s angular momentum to its kinetic energy and moment of inertia. 


(a) Express the period of the Te 2a R _ 20 (3R, ) _6aR, 
spacecraft’s orbit about the earth: v v y 
where v is the orbital speed of the 
spacecraft. 
Use Newton’s 2™ law to relate the GM ,.m iv 
= = 


gravitational force acting on the 


radial ~ BR, } 3R. 
spacecraft to its orbital speed: 


Solve for v to obtain: _ {gRe 
V3 


Substitute for v in our expression for 
T to obtain: 


Substitute numerical values and 
evaluate T: 


(6) Using its definition, express the 
spacecraft’s kinetic energy: 


Substitute numerical values and 
evaluate K: 


(c) Express the kinetic energy of the 
spacecraft in terms of its angular 


momentum: 

Solve for L: 

Express the moment of inertia of the 
spacecraft with respect to an axis 


through the center of the earth: 


Substitute and solve for L: 


Substitute numerical values and evaluate L: 
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K =4(100kg)(9.81m/s)(6.3710° m) 
=| 1.04GI 


LC 
2 


L =18mR2K =3R,V2mK 


L =3(6.37x10° m)/2(100kg)(1.04x10° J) =| 8.7210" J-s 
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Picture the Problem Let the origin of our coordinate system be at the center of the earth 
and let the positive x direction be toward the moon. We can apply the definition of center 
of mass to find the center of mass of the earth-moon system and find the “orbital” speed 

of the earth using x, as the radius of its motion and the period of the moon as the period 


of this motion of the earth. 


(a) Using its definition, express the 
x coordinate of the center of mass of 
the earth-moon system: 


_M;x, +m x 


moon moon 


M,+m 


Xx 


cm 
moon 
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Substitute numerical values and evaluate xn: 
22 8 
7 _ M,(0)+(7.36%10 kg)(3.82%10 ti) ieee 
5.98x10™ kg +7.36x10~ kg 


Note that, because the radius of the earth is 6.37x10° m, the center of mass is actually 
located about 1700 km below the surface of the earth. 


(b) Express the “orbital” speed of 27K om 

the earth in terms of the radius of its a T 

circular orbit and its period of 

rotation: 

Substitute numerical values and 91(4.64x10°m 

evaluate v: v= ( 24h ail =| 12.4m/s 
27.3dx eS x 7 
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Picture the Problem We can express the energy difference between these two orbits in 
terms of the total energy of a satellite at each elevation. The application of Newton’s 2" 
law to the force acting on a satellite will allow us to express the total energy of each 
satellite as function of its mass, the radius of the earth, and its orbital radius. 


Express the energy difference: AE = E,,.. — Exoo (1) 

Express the total energy of an Ey =K+U 

orbiting satellite: 1.2 GM,m (2) 
=zmv 7 


where R& is the orbital radius. 


Apply Newton’s 2™ law to a _GM,m _ v 
satellite to relate the gravitational “ R? 7 R 
force to the orbital speed: or 
gRp Vv 
RR 
Simplify and solve for v’: oP eR: 
R 


Substitute in equation (2) to obtain: 
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Substitute in equation (1) and AE= mgR; mgR; 
simplify to obtain: 2 ess 2 Tuan 
mgR,{ 1 1 
2 Riooo dt 
Substitute numerical values and evaluate AE: 
AE = }(500kg)(9.81N/kg)(6.37x10°m) 2 : =[11.1GJ 
7.37x10°m 4.22x10’m 
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Picture the Problem We can use Kepler’s 3™ law to relate the periods of the moon and 

Earth, in their orbits about the earth and the sun, to their mean distances from the objects 
about which they are in orbit. We can solve these equations for the masses of the sun and 
the earth and then divide one by the other to establish a value for the ratio of the mass of 


the sun to the mass of the earth. 
Using Kepler’s 3™ law, relate the 


period of the moon to its mean 
distance from the earth: 


Using Kepler’s 3™ law, relate the 
period of the earth to its mean 
distance from the sun: 


Solve equation (1) for Mz: 


Solve equation (2) for M,: 


Divide equation (4) by equation (3) 
and simplify to obtain: 


Substitute numerical values and 
evaluate M,./Mg: 


2 
2 An 3 
n GM, Tn 

where rm is the distance between the 

centers of the earth and the moon. 


(1) 


2 
ue (2) 


"GM, 
where rg is the distance between the 
centers of the earth and the sun. 


47? 3 
M,= Gr Tn (3) 
Az? 
M, = or - (4) 
E 


3 2 
My _| Te || fo 
M, Tn T,; 


M, _(15x10"m)( 273d Y 
M,, \3.82x10°m ) | 365.24d 


=| 3.38x10° 


872 Chapter 11 


Express the difference between this ; 3.38x10° —3.33x10° 
value and the measured value of % diff = Serer 
3.33x10°: . 

=| 150% 


The Gravitational Field 
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Picture the Problem The gravitational field at any point is defined by g = F i m. 


Using its definition, express the F (12N)i (4 Nk i 
—_= = £ I 
m 


gravitational field at a point in space: 


*58 
Picture the Problem The gravitational field at any point is defined by g = F i! m. 


Using its definition, express the —— F 

gravitational field at a point in g~ m 

space: 

Solve for F and substitute for m and F= mg 

coun = (0.004kg)(2.5 x10 N/kg)j 
=| (10° N)j 
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Picture the Problem We can use the definition of the gravitational field due to a point 
mass to find the x and y components of the field at the origin and then add these 
components to find the resultant field. We can find the magnitude of the field from its 
components using the Pythagorean theorem. 


(a) Express the gravitational field __ Gm ? 

due to the point mass at x = L: ae 5 

Express the gravitational field due Bs Gm j 

to the point mass at y = L: . oe 

Add the two fields to obtain: oe ae Gm; Gm; 
9=9,.+9,= qe 
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(b) Find the magnitude of g: 
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Picture the Problem We can find the net force acting on m by superposition of the 
forces due to each of the objects arrayed on the circular arc. Once we have expressed the 
net force, we can find the gravitational field at the center of curvature from its definition. 


(a) Express the net force acting on m: F= F. i fe Fj (1) 
Express F;;: i Sel am - oun cos 45° 
R R R 
Mi 
= <s cos 45° 
=0 
Express F;: F= a ‘ emt sin 45° 
° R R 
+ — sin 45° 
= CM (9 sin 45° +1) 
R 
Substitute numerical values and Fe (6.673 x10°'' N-m?/ kg’) 
evaluate F;: yo (0. 1 m) 
% (3 kg)(2kg)(2 sin 45° + 1) 
=9.67x10*N 
Substitute in equation (1) to obtain: F =| 0:+(9.67x10°N i 
(b) Using its definition, express g at ._ F 0+ (9.67 x10° N)j 
the center of curvature of the arc: g= mm 2kg 


=| (4.8310 Nikg)j 
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61 
Picture the Problem The configuration of 
point masses is shown to the right. The 
gravitational field at any point can be 
found by superimposing the fields due to 
each of the point masses. 


(a) Express the gravitational field at 
x = 2 mas the sum of the fields due to 
the point masses m, and mz: 


Express g,and g, : 


Substitute in equation (1) to obtain: 


Substitute numerical values and 
evaluate g: 


(b) Express g,and g,: 


Substitute in equation (1) to obtain: 


0 2 6 
9=9,+9, (1) 
g,= Panag, =e 

xy x5 
= Gm, > Gm, 
g=-—i+— I 
x, x, 
_ Gm Gm, 
= 2 2 
x (2x,) 
—-—(m, im,)i 


6.6726 x10"! N-m7/kg* 
(2m) 


x[2kg—-+(4kg)]i 


=| (-1.67x10"' Nikg)i 


2 S Gm, > 
i and g, =-—+I 


g= 


- Gm, 


g,=- 2 


x) 


2 


Gm, > Gm, ; 


g=-—yi 


xy 


Gm, 


2 
x5 


Gm, : 


(2x, 


2 
X5 


G 3 
= salem, +m, )i 


2 


Gravity 875 


Substitute numerical values and +. 6.67/26x 10°" N-m’/kg” 
evaluate g: g= (6m) 
x[1(2kg)+4kg]i 


=| €8.34x10"? Nikg)i | 


(c) Express the condition that g = 0: Gm, _ Gm, = 
x (6 _ xy 
or 
Z 4 
ae Tae 
x" (6-x) 
Express this quadratic equation in x? +12x —36 =0, where x is in meters. 
standard form: 
Solve the equation to obtain: x =2.48m and x=-14.5m 
From the diagram it is clear that the x=|2.48m 
physically meaningful root is the 
positive one at: 
62 eo 
Picture the Problem To show that the maximum value of |g ,| for the field of Example 


11-7 occurs at the points x = ta/ 2 , we can differentiate g. with respect to x and set 


the derivative equal to zero. 


From Example 11-7: _ 2GMx 
re a 2/2 
(x? +47) 


Differentiate g, with respect to x and set the derivative equal to zero to find extreme 
values: 


oe = 26M [x p a’) _ 3x7 (x? + vy? |- 0 for extrema. 
X 


Solve for x to obtain: 


ols 
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Remarks: To establish that this value for x corresponds to a relative maximum, we 
need to either evaluate the second derivative of g, at x = + a/ 2 or examine the 


graph of | g,jatx=+a/ 2 for concavity downward. 
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Picture the Problem We can find the mass of the rod by integrating dm over its length. 
The gravitational field at x) > L can be found by integrating dg at xo over the length of the 


rod. 


a) Express the total mass of the ; é 
(2) Exp M =[Adx=C|xdx= tcV 
0 0 


stick: 
(b) Express the gravitational field ja Gdm ;__ Gidx ; 
: g= = 2 
due to an element of the stick of (x = x) (a = x) 
mass dm: GCxdx > 
=i 
Ee - x) 
Integrate this expression over the _ * xdx > 
§ =-GC/ i 
length of the stick to obtain: A (x, = x) 
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Picture the Problem Choose a mass element dm of the rod of thickness dx at a distance x 
from the origin. All such elements produce a gravitational field at a point P located a 
distance x, > +L from the origin. We can calculate the total field by integrating the 


magnitude of the field produced by dm from x = —L/2 to x = +L/2. 


(a) Express the gravitational field at ig. == Gdm A 
P due to the element dm: ° 
: M 
Relate dm to dx: eae 
L 
Express the distance r between dm FHX x 


and point P in terms of x and xo: 


Substitute these results to express . GM é 
dg, in terms of x and xo: dg, =| 4- y dx ri 
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(b) Integrate to find the total field: . GM te dx 


(c) Use the definition of g to . . GMm, ; 
A. Poms =|" _, 
express F : Xy —4L 
(d) Factor x, from the denominator Gee GM ; 
of our expression for g, to obtain: ; e p 7 rE ) 
0 2 
Ax, 
For xo >> L the second term in - GM > 
| I 
parentheses is very small and: I. x, 


which is the gravitational field of a point 
mass M located at the origin. 


g due to Spherical Objects 
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Picture the Problem The gravitational field inside a spherical shell is zero and the field 
at the surface of and outside the shell is given by g = GM / a 


(a) Because 0.5 m<R: g=[0 
(b) Because 1.9 m< R: g= [9] 
(c) Because 2.5 m> R: eZ on 
r 
_ (6.6726 x10""' N-m?/kg”) (300kg) 


(2.5 m) 


=| 3.20x10° N/kg 


66 ° 
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Determine the Concept The gravitational attraction is zero. The gravitational field inside 
the 2 m shell due to that shell is zero; therefore, it exerts no force on the | m shell, and, 


by Newton’s 3" law, that shell exerts no force on the larger shell. 
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Picture the Problem The gravitational field and acceleration of gravity at the surface of 
a sphere given by g = GM / R* , where R is the radius of the sphere and M is its mass. 


Express the acceleration of gravity 
on the surface of S;: 


Express the acceleration of gravity 
on the surface of S: 


Divide the second of these equations 
by the first to obtain: 
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8 __R? 
&1 GM 


Picture the Problem The gravitational field and acceleration of gravity at the surface of 
a sphere given by g = GM ; R’ , where R is the radius of the sphere and M is its mass. 


Express the acceleration of gravity on 
the surface of 5): 


Express the acceleration of gravity on 
the surface of 5S»: 


Divide the second of these equations 
by the first to obtain: 


Solve for g: 


_ GM 
&1 R 


=) ok. 
§2 R? &1 


Remarks: The accelerations depend only on the masses and radii because the points 


of interest are outside spherically symmetric distributions of mass. 
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Picture the Problem The magnitude of the gravitational force is F = mg where g inside a 
spherical shell is zero and outside is given by g = GM / r’, 


(a) At r = 3a, the masses of both F= _ G(M, + M,) 

i =Ine = 2 
spheres contribute to g: (3a) 

_ Gm(M, +M,) 
9a? 
(b) Atr = 1.9a, g due to My = 0: GM, 
F=mg=m z= 5 
(1.9ay |3.6la 

(c) Atr =0.9a, g=0: F=|0 


70. 
Picture the Problem The configuration is 
shown on the right. The centers of the 
spheres are indicated by the center-lines. 
The x coordinates of the mass m for parts 
(a), (6), and (c) are indicated along the x 


axis. The magnitude of the gravitational 
force is F = mg where g inside a spherical 
shell is zero and outside is given 


GM 
bys SS : 
r 
(a) Express the force acting on the P= m(g i t8 i) 


object whose mass is m: 


Find g), at x = 3a: g _ GM, _ GM, 
1x (3a) 9a’ 


Find go, at x = 3a: _ GM, _ GM, 
82x = oo PF 
(3a-0.8a)  4.84a 
Substitute to obtain: GM, GM, 
F=m aad ; 
9a 4.84a 


7\ 9 4.84 


or (= M, 
+ 
a 
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(6) Find go, at x = 1.9a: g,. = GM, = GM, 
*“ (1.9a-0.8a)  1.21a" 
Find gi, atx = 1.9a: g,,=0 
Substitute to obtain: F=eme= GmM , 
o* 4214 
(c) Atx = 0.94, 21x = go = 0: F =| 0) 


g Inside Solid Spheres 
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Picture the Problem The "weight" as measured by a spring scale will be the normal 
force which the spring scale presses up against you. There are two forces acting on you 
as you Stand at a distance r from the center of the planet: the normal force (Fy) and the 
force of gravity (mg). Because you are in equilibrium under the influence of these forces, 
your weight (the scale reading or normal force) will be equal to the gravitational force 
acting on you. We can use Newton’s law of gravity to express this force. 


(a) Express the force of gravity GM (r)m 
acting on you when you are a fi= 2 (1) 
distance r from the center of the 
earth: 
Using the definition of density, M (r) M (r) 
express the density of the earth ae v( ) ae 
r Zr 
between you and the center of the 
earth and the density of the earth as and 
a whole: MM; _ MM; 
p= | R 
E 3% 
Because we’re assuming the earth to M(r)_ M, 
of uniform-density and perfectly 4 ae 47 R: 
spherical: 
or 


Substitute in equation (1) and 
simplify to obtain: GM { 
r 


Apply Newton’s law of gravity to 
yourself at the surface of the earth to 
obtain: 


Substitute to obtain: 


(b) Apply Newton’s 2™ law to your 
body to obtain: 


Solve for your "effective weight” 
(i.e., what a spring scale will 
measure) F'y: 


(c) We can decide whether the 
change in mass with distance from 
the center of the earth or the 
rotational effect is more important 
by examining the ratio of the two 
terms in the expression for your 
effective weight: 


Substitute numerical values and 
evaluate this ratio: 


Gravity 
fee GM,,m 
R’ 
or 
ar 


where g is the magnitude of free-fall 
acceleration at the surface of the earth. 


F,= ms y 

R 
i.e., the force of gravity on you is 
proportional to your distance from the 
center of the earth. 


a 
es ne =-mro 
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Fy = 8 mre? = 
R 


[2 — me 
R 


Note that this equation tells us that your 


effective weight increases linearly with 


distance from the center of the earth. The 


second term can be interpreted as a 
"centrifugal force" pushing out, which 
increases the farther you get from the 
center of the earth. 


Oe ee : 
Pe eae ee ee 
mo @o 2") 47°?R 

ii 


2 
6,8ims?)(24nx29°5) 


4n°R ~ 
= 291 


4n°(6370km) 


the rotational effect. 


The change in the mass between you and the center of the earth as 


you move away from the center is 291 times more important than 
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72 
Picture the Problem We can find the loss in weight at this depth by taking the difference 
between the weight of the student at the surface of the earth and her weight at a depth d= 
15 km. To find the gravitational field at depth d, we’ ll use its definition and the mass of 
the earth that is between the bottom of the shaft and the center of the earth. We’ll assume 
(incorrectly) that the density of the earth is constant. 


Express the loss in weight: Aw = w(R, ) — w(R) (1) 
Express the mass / inside M=pVe= 4 pn(R, = d) 
R =Rp —d: 
Express the mass of the earth: M, = pV, =4 par; 
Divide the first of these equations M = pa(R, —d y _(R, -d y 
by the second to obtain: M, 7 4 pr7R;, 7 Ke 
Solve for M: R,-dy 
M = M, ( E 5 ) 
Ry, 

Express the gravitational field at _GM _ GM, (R, —d y Q 
R=R —d: oR. (R, —d) R, 
Express the gravitational field at GM 

he 8: = (3) 
R=Re: Re 
Divide equation (2) by equation (3) GM, (R, —d y 
to obtain: g (R,—d) Re _R, -d 

&E GM, R, 
Ry 
Solve for g: R,—-d 
ao 
E 

E the weight of the student at R,-d 

xpress the weight of the student a w(R)=mg(R)= E me, 
R =Rzp —d: R, 
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Substitute in equation (1) to obtain: d mg,d 
Aw = mg,, —| 1-—— |mg, = —= 
R, R, 
Substitute numerical values and oe (800 N)(15km) _1188N 
evaluate Aw: 6370km 


73 oo 
Picture the Problem We can use the hint to find the gravitational field along the x axis. 


Using the hint, express g(x) : g(x) oa S solid sphere + S hollow sphere 
Substitute for Ssolid sphere and GM solid sphere GM yotiow sphere 
d simplify to obtain: ey 2 ; 
hollow sphere ANd simplify to obtain: x (x - 1 R) 
3 3 
= Gp,(aR y Gpp —4n(3R) 
x (x—5R) 
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Picture the Problem The diagram shows 
the portion of the solid sphere in which the 
hollow sphere is embedded. g, is the field 
due to the solid sphere of radius R and 
density and g, is the field due to the 
sphere of radius '2R and negative density 
Po centered at '4R. We can find the 
resultant field by adding the x and y 
components of g,andg,. 


Use its definition to express \g,| : g | _ GM 7 Gov _ Amp r°G 
7? r 3r° 
_ Amp rG 
aaa a 
Find the x and y components of g, : _ _ x) 4mp,Gx 
£1, =—¥, CosO = «(*)- 3 


and 
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Use its definition to express | 9,| : 


Express the x and y components of g, : 


Add the x components to obtain the 
x component of the resultant field: 


Add the y components to obtain the 
y component of the resultant field: 


Express g in vector form and 


evaluate | g | : 
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. 47p,G 
81, = 781 sin 0 = -2(2| = es 


where the negative signs indicate that the 
field points inward. 


a.|= GM, Gp, _ 4apyr;G 
r a 3r; 


ATP I,G 


3 


where r, = (x—LR/ +y? 


8x = Six t 8x 
47p,Gx : 4np,G(x -—+R) 
3 3 
_ _ 27p,GR 
3 


where the negative sign indicates that the 


field points inward. 


gy = Sy TB yy 
_ Amp Gy 4 AmPoGy -~0 
3 3 
j-e.i+6,j-|(-72); 
3 
and 


Picture the Problem The gravitational field will exert an inward radial force on the 


objects in the tunnel. We can relate this force to the angular velocity of the planet by 


using Newton’s 2™ law of motion. 


Gravity 885 


Letting r be the distance from the Ua mro 
objects to the center of the planet, ii 
use Newton’s 2” law to relate the mg =mra° 
gravitational force acting on the 
objects to their angular velocity: 
Solve for @ to obtain: g 
o>) — (1) 
a 
Use its definition to express g: _GM _GpV _ 4p r’G 
a po 2 
, r oF 
_ 4npyrG 
2) 


Substitute in equation (1) and simplify: 


Arp rG 
a 3 = [420,G 
r 3 
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Picture the Problem Because we’re given the mass of the sphere, we can find C by 
expressing the mass of the sphere in terms of C. We can use its definition to find the 
gravitational field of the sphere both inside and outside its surface. 


(a) Express the mass of a differential dm=pdV = pl4a rdr) 
element of the sphere: 


Sm 


M =42C [rdr =(50m*)rC 
0 


Integrate to express the mass of the 
sphere in terms of C: 


Solve for C: M 


C= 

(so m?)r 

: ‘ 1011k 
Substitute numerical values and C= 0 5 a 6.436 kg/m? 
evaluate C: (5 Om ye 


(b) Use its definition to express the GM 
gravitational field of the sphere at a r 


distance from its center greater than 
its radius: 
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(1) For r>5 m: 


Use its definition to express the 
gravitational field of the sphere at a 
distance from its center less than its 


radius: 


(2) For r< 5 m: 


we (6.6726 x10"'' N-m7/kg”) (101 1kg) 
~ 2 


r 


6.75x10* N/kg 


=G2 = 
& r- r- 
4x C| rdr 
=G——2__ = 2GC 
r 


g = 22(6.6726x 107" N-m?/kg?) 
x (6.436kg/m?) 
=| 2.70x10” Nikg 


Remarks: Note that g is continuous at r = 5 m. 
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Picture the Problem We can use conservation of energy to relate the work done by the 


gravitational field to the speed of the small object as it strikes the bottom of the hole. 


Because we’re given the mass of the sphere, we can find C by expressing the mass of the 


sphere in terms of C. We can then use its definition to find the gravitational field of the 


sphere inside its surface. The work done by the field equals the negative of the change in 


the potential energy of the system as the small object falls in the hole. 


Use conservation of energy to relate 
the work done by the gravitational 
field to the speed of the small object 
as it strikes the bottom of the hole: 


Solve for v: 


Express the mass of a differential 
element of the sphere: 


K,—K,+AU =0 

or, because K; = 0 and W =—AU, 
W=1mv’ 

where v is the speed with which the object 
strikes the bottom of the hole and W is the 
work done by the gravitational field. 


y= ,/—— (1) 


dm= pdV = pl4x rdr) 


Integrate to express the mass of the 
sphere in terms of C: 


Solve for and evaluate C: 


Use its definition to express the 
gravitational field of the sphere at a 
distance from its center less than its 
radius: 


Express the work done on the small 
object by the gravitational force 
acting on it: 


Substitute in equation (1) and 
simplify to obtain: 


Substitute numerical values and evaluate v: 
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5m 
M = 42 [rdr = (50m?) 
0 
Ce M_ _ 1011kg 


~ (50m2)z_ (50m?) 


= 6.436kg/m* 


Arc] rdr 
= G—_*——_ = 27GC 


r 


3m 


W= — | mgdr =(2m)ng 
5m 


ees 2(2 m )n(2x GC) = J(@m)z GC 
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Picture the Problem The spherical deposit of heavy metals will increase the 


gravitational field at the surface of the earth. We can express this increase in terms of the 


difference in densities of the deposit and the earth and then form the quotient Ag/g. 


Express Ag due to the spherical deposit: 


Express the mass of the spherical deposit: 


Substitute in equation (1): 


GAM 
Ag=—G (1) 


M =ApV =Ap(42R?)=47ApR° 


4GrApR* 
Ag = 2" “ 
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Express Ag/g: 4GrApR 
Ag _ 4GrApR 
g g gr° 


Substitute numerical values and evaluate Ag/g: 
Ag _ 42(6.6726x107! N-m?/kg) (5000 kg/m’) (1000m)' 
g (9.81 N/kg)(2000m) 


=| 3.56x10° 
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Picture the Problem The force of attraction of the small sphere of mass m to the lead 
sphere is the sum of the forces due to the solid sphere (F ;) and the cavities (F,.) of 


negative mass. 


(a) Express the force of attraction: F=F ete F e (1) 
Use the law of gravity to express the — GMm ; 

force due to the solid sphere: : a 

Express the magnitude of the force F.= GM'm 

acting on the small sphere due to ges. RY 

one cavity: 2 


Relate the negative mass of a cavity RY 
M'=-pV= $7 
to the mass of the sphere before p ae 5 
hollowing: 
=-4(¢apR')=-4M 

: - GM z 
Poeun Abe ite angle between the x F,=2 m cos Db; 
axis and the line joining the center gl 2 + R 
of the small sphere to the center of 4 


RPO Se Mga ot Era because, by symmetry, the y components 


t 
to express the force due to the two saad cAca: 


cavities: 


: d 
Express cos@: cos@ = 
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Substitute to obtain: F.- GMm d > 
et R a I 
ur + eae 
4 4 
= GMmd > 
~ R 3/2 
{a + 
4 
Substitute in equation (1) and simplify: Fe GMm > GMmd A 
= a Le R? 372 * 
a + _ 
4 
— , = 
= _ GMm ie 4 a 
~ d R? 372 |! 


(5) Evaluate F atd=R: 


R? 

j-__4 

R? R? 3/2 
R? +— 


= -0.821 Sj 
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Picture the Problem Let R be the size of the cluster, and N the total number of stars in it. 
We can apply Newton’s law of gravity and the 2™ law of motion to relate the net force 
(which depends on the number of stars M(r) in a sphere whose radius is equal to the 
distance between the star of interest and the center of the cluster) acting on a star at a 
distance r from the center of the cluster to its speed. We can use the definition of density, 
in conjunction with the assumption of uniform distribution of the starts within the cluster, 
to find Mr) and, ultimately, express the orbital speed v of a star in terms of the total mass 
of the cluster. 


Using Newton’s law of gravity and GN(r) M2 y 
2" law, express the force acting on F(r)= 2 =M 

a star at a distance r from the center a 
of the cluster: 


r 

where V(r) is the number of stars within a 
distance r of the center of the cluster and MW 
is the mass of an individual star. 
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Using the uniform distribution N (r)M NM 
assumption and the definition of aa ae aga 
3 3 


density, relate the number of stars 


Nr) within a distance r of the center ve 
of the cluster to the total number V N( 2 N r° 
of stars in the cluster: eo Ro 
Substitute to obtain: GNM °° v 
PR or 
or 
2 
GNM — =v 
R 
Solve for v to obtain: GNM 
y= R >yvoer 


The mean velocity v of a star in a circular orbit around the center 
of the cluster increases linearly with distance r from the center. 


General Problems 
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Picture the Problem We can use Kepler’s 3 law to relate Pluto’s period to its mean 
distance from the sun. 


Using Kepler’s 3™ law, relate the ie 

eriod of Pluto to its mean distance Az? 
a ene where C = 7 = 2.973x10s*/m’. 
Solve for T: Peano 


Substitute numerical values and evaluate 7: 


Tee 
7 (eons: 10° s?/m? [23 AUX een 


lh Id ly 


= 7.864x10°sx x x 
3600s 24h 365.25d 


- [253] 
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Picture the Problem Consider an object of mass m at the surface of the earth. We can 
relate the weight of this object to the gravitational field of the earth and to the mass of the 
earth. 


Using Newton’s 2™ law, relate the a GM ,.m 
weight of an object at the surface of R; 


the earth to the gravitational force 
acting on it: 


Solve for Mg: M, = oR; 

G 
Substitute numerical values and (9.8 1N/ kg)(6.37 x10° m) 
evaluate Mz: Me 6.6726 x10'' N-m*/kg” 


=| 5.97x 10" kg 
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Picture the Problem The work you must do against gravity to move the particle from a 
distance r to r2 is the negative of the change in the particle’s gravitational potential 


energy. 
(a) Relate the work you must do to f 2 dr 
the change in the gravitational oa = a i ae GM .m| Pr 
potential energy of the earth-particle 
system: =-GM,m i = i 

i 

Al 

=| GM onl — +) 

ie: 

(5) Substitute eR; for GMg, Rx for 1 l 
. W =| mgR,| —-— (1) 

r), and Ry + h for r2 to obtain: Re: Ri th 
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(c) Rewrite equation (1) with a a R? R, +h-R, 
common denominator and simplify - R, ( R,+ h) 
to obtain: 
=mgh ~— |= mgh| ——— 
S| - in 
E 
=| mgh 
when h << Rg. 
84. 


Picture the Problem The gravitational field outside a uniform sphere is given by 
g= —GM |r’? and the field inside the sphere by g = (GM /R°)r. 


(a) Express g outside the sphere: gas GM 
©) 
Find the mass of the sphere: M=pV= pltzR*) 
Substitute and simplify to obtain: a Gp (4 R°) _ 4,Gp R 
~ 2 7-3 2 
r r 


Substitute numerical values and evaluate g: 


4 
3 


(6.673x10"'! N-m? /kg”) (2000kg/m’) (100m) 


_| 0.559N-m*/kg 
=|-— 
r 


r 
(b) Express the gravitational field GM Gp (4 mR ) 
-— : g= r= r 
inside the uniform sphere: R? R? 
=—$a pGr 


Substitute numerical values and evaluate g: 


g = —$2(2000kg/m’)(6.6726x10"" N-m?/kg*)r =[ —(5.59x107 Nikg-m)r | 
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Picture the Problem We can use Kepler’s 3™ law to relate the period of the satellite to 


its mean distance from the center of Jupiter. 
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Use Kepler’s 3™ law to relate the 


period of the satellite to its mean GM 
distance from the center of Jupiter: 


Solve for h: T’GM 
h= a -R, (1) 
4n 


Express the mass of Jupiter in terms M, =320M, 
of the mass of the earth: 


Express the volume of Jupiter in V, =1320V, 
terms of the mass of the earth: 


Express the volumes of Jupiter and R= 3/1320 he 
Earth in terms of their radii and 


solve for Ry: 


Substitute in equation (1) to obtain: 


2 
jae Gi320M 5} V1320R, 


An 
Express the period of the satellite in T =9h+50min 
seconds: - 9ohx 3600s ee ous 
h min 
= 3.54x10*s 


Substitute numerical values and evaluate h: 


5p = 3|(3:54210" s}' (6.6726 x10"! N-m’/kg*){320(5.98%10™ kg} 
7 An? 


~¥/1320(6.37«10° m) 
- [R610 
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Picture the Problem Let m represent the mass of the spacecraft. From Kepler’s 3™ law 
we know that its period will be a minimum when it is in orbit just above the surface of 
the moon. We’ll use Newton’s 2™ law to relate the angular velocity of the spacecraft to 
the gravitational force acting on it. 


894 Chapter 11 


Relate the period of the spacecraft to 
its angular velocity: 


Using Newton’s 2” law of motion, 
relate the gravitational force acting 
on the spacecraft when it is in orbit 
at the surface of the moon to the 
angular velocity of the spacecraft: 


Solve for a: 


Substitute in equation (1) and 
simplify to obtain: 


Substitute numerical values and evaluate T\nin: 


Ry Ry 
=,/4+Gzp 

_ 2a _ | 3a 

min 4Grp pG 


Tog 3a 
min (6.672610 N-m/kg?)3 
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Picture the Problem We can use conservation of energy to establish a relationship 


between the height / to which the projectile will rise and its initial speed. The application 


of Newton’s 2™ law will relate the orbital speed, which is equal to the initial speed of the 


projectile, to the mass and radius of the moon. 


Use conservation of energy to relate 
the initial energies of the projectile 
to its final energy: 


Solve for h: 


Use Newton’s 2™ law to relate 
velocity of the satellite to the 


K, —-K,+U, —U;, =0 
or, because Ks = 0, 
> GM,,m n GM ,,m _ 


+mv 0 
Rygek Ry 
a (1) 

. wRy 
2GM 
GMym ow 


aa = Re ee 


gravitational force acting on it: 


Solve for v’: 


Substitute for v’ in equation (1) and 
simplify to obtain: 


*BB ce 
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Picture the Problem If we assume the astronauts experience a constant acceleration in 
the barrel of the cannon, we can use a constant-acceleration equation to relate their exit 
speed (the escape speed from the earth) to the acceleration they would need to undergo in 
order to reach that speed. We can use conservation of energy to express their escape 
speed in terms of the mass and radius of the earth and then substitute in the constant- 
acceleration equation to find their acceleration. To find the balance point between the 
earth and the moon we can equate the gravitational forces exerted by the earth and the 


moon at that point. 


(a) Assuming constant acceleration 
down the cannon barrel, relate the 
ship’s speed as it exits the barrel to 
the length of the barrel and the 
acceleration required to get the ship 
to escape speed: 


Solve for the acceleration: 


Use conservation of energy to relate 
the initial energy of astronaut’s ship 
to its energy when it has escaped the 
earth’s gravitational field: 


When the ship has escaped the 
earth’s gravitational field: 


Solve for v- to obtain: 


v, =2aAé 


where ¢ is the length of the cannon. 


2 


Vv 
=— 1 
7 OA ) 
AK +AU =0 


or 


Ke he, —-U, = 0 


K, =U, =0 
and 
—K,-—U,=0 
or 
- tm -(- HEE 0 
R 
where m is the mass of the spaceship. 
2 2GM, 
y= 


: R 


896 Chapter 11 


Substitute in equation (1) to obtain: 


Substitute numerical values and 
evaluate a: 


(b) Let the distance from the center 
of the earth to the center of the 
moon be R, and the distance from 
the center of the spaceship to the 
earth be x. If Mis the mass of the 
earth and m the mass of the moon, 
the forces will balance out when: 


Solve for x to obtain: 


Substitute numerical values and 
evaluate x: 


= GM, 
AUR 


a= (6.673 x10" N- m’/kg’) 
(5.98 x10 kg) 
x 
(274 m)(6370 km) 
= 2.29x10° m/s” 
= 23,300¢ 


Survival is extremely unlikely! 


GM _ Gm 
x (R-x)’ 


or 


VM vm 
where we’ ve ignored the negative solution, 


as it doesn't indicate a point between the 
two bodies. 


R 
x= 
14," 
M 
ee 3.84x 10° m 
7.3610” kg 
5.98x10™ kg 


- [ae | 


(c) 


No it is not. During the entire trip, the astronauts would be in free - fall, 


and so would not seem to weigh anything. 
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Picture the Problem Let the origin of our coordinate system be at the center of mass of 


the binary star system and let the distances of the stars from their center of mass be 7, and 


r2. The period of rotation is related to the angular velocity of the star system and we can 


use Newton’s 2™ law of motion to relate this velocity to the separation of the stars. 


Relate the square of the period of the 


motion of the stars to their angular 
velocity: 


An? 
P=; (1) 


Using Newton’s 2" law of motion, 
relate the gravitational force acting 
on the star whose mass is m) to the 
angular velocity of the system: 


Solve for @: 


From the definition of the center of 
mass we have: 


Eliminate 7; from equations (3) and 
(4) and solve for r2: 


Eliminate 7, from equations (3) and 
(4) and solve for 7: 


Substitute for 7, and r, in equation 
(2) to obtain: 


Finally, substitute in equation (1) 
and simplify: 


90 oo 


G 
DF radial — Gan¥ 


rtm) 


2_ Gm, 
ao = 2 
a +1) 
Mr, = My", 


where r=17, +1, 


rm, 
i= 
m, +m, 
rm 
= 2 
r= 
mM, +m, 
2 G(m, a m)) 
(G0) = 
3 
r 
T’= 
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_ 2 
=m,'r,0 


(2) 


(3) 
(4) 


Picture the Problem Because the two-particle system has zero initial energy and zero 


initial linear momentum; we can use energy and momentum conservation to obtain 


simultaneous equations in the variables 7, v; and v2. We’ll assume that initial separation 


distance of the particles and their final separation r is large compared to the size of the 


particles so that we can treat them as though they are point particles. 


Use conservation of energy to relate 


the speeds of the particles when 
their separation distance is 7: 


Use conservation of linear 
momentum to obtain a second 
relationship between the speeds of 
the particles and their masses: 


B= E, 


or 


Gm,m 

2: 2 er? 
O=Fmy, +7mMV; . (1) 
Pi = Pe 

or 

0=myv, +m,yv, (2) 
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Solve equation (2) for v; and 


substitute in equation (1) to obtain: 


Solve equation (3) for vy: 


Solve equation (2) for v; and 
substitute for v. to obtain: 
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2 
2 
ulm 2 ms : 3) 
m, r 


2Gm? 


. - \r(m, +m,) 


y= 


2Gm? 


\r(m, +m,) 


Picture the Problem We can find the orbital speeds of the planets from their distance 
from the center of mass of the system and the period of their motion. Application of 
Kepler’s 3 law will allow us to express the period of their motion T in terms of the 
effective mass of the system ... which we can find from its definition. 


Express the orbital speeds of the 
planets in terms of their period T: 


Apply Kepler’s 3™ law to express 
the period of the planets: 


Substitute to obtain: 


The distance of each planet from the 


effective mass is: 


Find Mer from its definition: 


Substitute for R and Mer to obtain: 


27R 
y= — 


T 
where R is the distance to the center of 
mass of the four-planet system. 


Ar’ R 
GM or 


where Mer is the effective mass of the four 
planets. 


‘ie 


: 27R _ GM w+ 
[a R R 
GM or 
a 
R=— 
2 
1 1 1 1 1 
=—+—+—+ 
Ma M M M M 
and 
M @ =7M 
| |y2emM 
4a 
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Picture the Problem Let 7 represent the separation of the particle from the center of the 
earth and assume a uniform density for the earth. The work required to lift the particle 
from the center of the earth to its surface is the integral of the gravitational force function. 
This function can be found from the law of gravity and by relating the mass of the earth 
between the particle and the center of the earth to the earth’s mass. We can use the work- 
kinetic energy theorem to find the speed with which the particle, when released from the 
surface of the earth, will strike the center of the earth. Finally, the energy required for the 
particle to escape the earth from the center of the earth is the sum of the energy required 
to get it to the surface of the earth and the kinetic energy it must have to escape from the 
surface of the earth. 


a) Express the work required to lift Re 
(2) Exp i W = | Far (1) 
0 


the particle from the center of the 


earth to the earth’s surface: : ae . 
where F is the gravitational force acting on 


the particle. 
Using the law of gravity, express the F= GmM Q) 
force acting on the particle as a r° 
function of its distance from the where / is the mass of a sphere whose 
center of the earth: radius is r. 
Express the ratio of M to Mg: M pix r°) ry, ? 
= => = E a 
M, pl§zR;) : 


Substitute for M in equation (2) to obtain: Fz GmM pe mgR,, mg 


r= ‘a 
R Re OR, 
Substitute for F' in equation (1) and W mg a emR,, 
evaluate the integral: = Ry , ee, 
(b) Use the work-kinetic energy W =AK =14mv" 


theorem to relate the kinetic energy 
of the particle as it reaches the 
center of the earth to the work done 
on it in moving it to the surface of 
the earth: 


Substitute for W and solve for v: v=|/gR, 
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(c) Express the total energy required 
for the particle to escape when 
projected from the center of the 
earth: 


Substitute for W and solve for Vese! 


Substitute numerical values and 
evaluate Vege! 
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where v, 1s the escape speed from the 
surface of the earth. 


Vese = V3gR, 


Vee = 93(9.81 N/kg)(6.37x 10° m) 


Picture the Problem We need to find the gravitational field in three regions: 


r<R,, Ri <r<R), and r > R>. 


Forr<R;: 


For r > Ro, g(r) is the field of a mass 
M centered at the origin: 


For Ri <r < Ro, g(r) is determined 
by the mass within the shell of 
radius r: 


Express the density of the spherical 
shell: 


Substitute for in equation (2) and 
simplify to obtain: 


Substitute for m in equation (1) to 
obtain: 


e=[9] 


GM 
g(r)=| 
r 
G 
Sy bere (1) 
where m = 4 ap(r° — R>) (2) 
_M__M 
PV 4n(R-R) 
M(r? -R?) 
— R}-R} 
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A graph of g, with R; = 2, Rp =3, and GM = 1 follows: 


0.12 


0.04 
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Picture the Problem A ring of radius R is 
shown to the right. Choose a coordinate 
system in which the origin is at the center 


of the ring and x axis is as shown. An 
element of length dZ and mass dm is 


responsible for the field dg at a distance x 
from the center of the ring. We can express 
the x component of dg and then integrate 
over the circumference of the ring to find 


the total field as a function of x. 


(a) Express the differential 
gravitational field at a distance x 
from the center of the ring in terms 
of the mass of elemental length dL: 
Relate the mass of the element to its 
length: 


Substitute to obtain: 
By symmetry, the y and z 


components of g vanish. Express the 
x component of dg: 


Gdm 
aae 
. Rie 
dm=AdL 


where J is the linear density of the ring. 


wees GAdL 
= R? +x? 
dg. =dgcosé 


Rax 
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Referring to the figure, express 
cosé: 


Substitute to obtain: 


M 
Because 2 = ——: 
27R 


Integrate to find g(x): 


cos@ = . 
R? +x? 
ace GA dL x _ GAxdL 


jee GM xdL 
: 2m R(R? eae) 
GM x a 
x)= dL 
) Qn R(R? +x?) 
GM 
= R2 +x?) m 


A plot of g, is shown below. The curve is normalized for R = 1 and GM = 1. 


0.40 


0.35 
0.30 


0.25 


&x 0.20 
0.15 


0.10 


0.05 


0.00 


(6) Differentiate g(x) with respect to x and set the derivative equal to zero to identify 


extreme values: 


tei 


(aR) sat 


dx (R? +x?) 


Simplify to obtain: 


(x? ER? ye (2x) = 0 for extrema 


1/2 


(x? rca ae ~337(x? +R’) =0 


Solve for x to obtain: 
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Picture the Problem The diagram shows a 
segment of the wire of length dx and mass 
dm = Adx at a distance x from the origin of 
our coordinate system. We can find the 
magnitude of the gravitational field at a 
distance r from the wire from the resultant 
gravitational force acting on a particle of 
mass m’ located at point P and then 
integrating over the length of the wire. 


Express the gravitational force 
acting on a particle of mass m’ at a 
distance r from the wire due to the 
segment of the wire of length dx: 


Using Newton’s law of gravity, 
express dF: 


Substitute and simplify to express 
the gravitational field due to the 
segment of the wire of length dx: 


By symmetry, the segment on the 
opposite side of the origin at the 
same distance from the origin will 
cancel out all but the radial 
component of the field, so the 
gravitational field will be given by: 
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R 
x =| +£— 


Because the curve is concave downward, 
we can conclude that this result 
corresponds to a maximum. Note that this 
result agrees with our graphical maximum. 


“ dm=dAdx 
7 


dF =m'dg 
or 
iF 
dg = é 
m 
dF = ee 
or, because R* =x? +r’, 
dF = an = 
x +r 
GAdx 
foe 
oT ar 
Ze ee cos 0 
_ Gildx r 
PAP a te 
GAr 
7 (x? +r?) - 


Integrate de from x’ = —o to x’ = +00 to obtain: 
g & 


Gar 


g= | cacapa= 204] : a 
oo mes 


3/2 
(x?+r?] 


2 \B/2 
ned } 7 
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Picture the Problem We can use the relationship between the angular velocity of an 
orbiting object and its tangential velocity to express the speeds vj, and Vout of the 
innermost and outermost portions of the ring. In part (6) we can use Newton’s law of 
gravity, in conjunction with the 2™ law of motion, to relate the tangential speed of a 
chunk of the ring to the gravitational force acting on it. As in part (a), once we know Vin 
and Vou, We can express the difference between them to obtain the desired results. 


(a) Express the speed of a point in v(R')= oR 
the ring at a distance R’ from the 

center of the planet under the 

assumption that the ring is solid and 

rotates with an angular velocity @: 


Express the speeds vin and Vout of the ‘= (R = 4 r)o 
innermost and outermost portions of ad 
the ring: 


Express the difference between Vu Vo —Vin =(R+4r)o—(R-Lr)o 
and Vin: 
y r 
=OF =F =| ¥— 
R 
(b) Assume that a chunk of the ring GMm mv? 


is moving in a circular orbit around 
the center of the planet under the 
force of gravity. Then, we can find 
its velocity by equating the force of GM 

: : v= —— 
gravity to the centripetal force R' 
needed to keep it in orbit: where M is the mass of the planet and R' 
the distance from the center. 


Substitute for R’ to express Vout: GM GM 

Vou = aa 

\ R+ zr a1 + ! 4 
- (Gu ; Ir -/2 
VR 2R 

Expand binomially to obtain: GM llr 

vyo= 

“VR [ 22R 


+ higher order terms) 


. calerrd 
R 4R 
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Proceed similarly to obtain, for v;,: GM [ lr 


Express the difference between Vou. and Vin: 


GM lr GM lr GM lr 
Vout — Vin ™ 1 i+ = 
R 4R R 4R R 2R 


and, because v = ,/——-, v 
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Picture the Problem Let U = 0 at x = ~ The potential energy of an element of the stick 
dm and the point mass my is given by the definition of gravitational potential energy: 
dU =—Gm,dm/r where r is the separation of dm and mo. 


(a) Express the potential energy of rie Gm,dm 
the masses my and dm: 2 ee 
The mass dm is proportional to the dm = A dx 
size of the element dx: M 
where 2 = —. 

L 
Substitute these results to express dU = Gm,Adx _| GMm, dx 
dU in terms of x: 7 t= % 7 Des = x) 


(b) Integrate to find the total potential energy for the system: 


L/2 
U= om } SL) Ce -5) -Inf x 4) 


Le. 2p L 
_| GMm, inl 20 +L/2 
L X, -L/2 


(c) Because xo is a general point along the x axis: 


_ dU _ Gmm, 1 1 
i ar aaa 
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Simplify this expression to obtain: Gmm, 
F (x,) a 
L/4 
in agreement with the result of Example 


11-8. 


*QB eee 
Picture the Problem Choose a mass element dm of the rod of thickness dx at a distance x 
from the origin. All such elements of the rod experience a gravitational force dF due to 
presence of the sphere centered at the origin. We can find the total gravitational force of 
attraction experienced by the rod by integrating dF from x =a tox =atL. 


Express the gravitational force dF dF = GMdm 
acting on the element of the rod of x 
mass dm: 
Express dm in terms of the mass m Tee m ae 
and length L of the rod: L 
Substitute to obtain: dF = GMm dx 
L #€ 
Integrate dF from x =atox =at F GMm “" 24 GMm[ 17°" 
L to find the total gravitational force ~ i ~ < 


acting on the rod: 


99 eco 
Picture the Problem The semicircular rod 
is shown in the figure. We’ll use an 


L 
element of length Rd@ =—d@ whose 
1 


M 
mass dM is—d@. By symmetry, F,, = 0. 
i j 


We’ll first find dF, and then integrate over 
6 from —7/2 to 7/2. 


Express dF’: 


Gravity 907 


Integrate dF, over 0 from —7/2 to 7/2: GMm 7° 22 GM 
F.=" = Joos ag ===" 
—1/2 


Substitute numerical values and evaluate F’,: 


p = 2H (6.6726x10-" N-m’/kg* )(20kg)(0.1kg) 
. (5 m) 


=| 33.5pN 
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Picture the Problem We can begin by expressing the forces exerted by the sun and the 
moon on a body of water of mass m and taking the ratio of these forces. In (6) we’ ll 
simply follow the given directions and in (c) we can approximate differential quantities 
with finite quantities to establish the given ratio. 


(a) Express the force exerted by the Fz GM .m 
sun on a body of water of mass m: . . 
Express the force exerted by the F = GM ,m 
moon on a body of water of mass m: " r- 


Divide the first of these equations F, M, 7 
by the second and simplify to Fr Mr 
obtain: = 
Substitute numerical values and F, (1 99x10 kg)(3 884x108 m) 
evaluate this ratio: F_ 7 (7 36x10” kg)(I 50x10! m) 
=| 177 

dF 
(b) Find —: lem acm eet 

dr dr r r 
Solve for the ratio ue : aF |e. 5a 

i. F r 

(c) Express the change in force AF AP S35" he 


for a small change in distance Ar: r 
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Express AF: 


Express AF’: 


Divide the first of these equations 
by the second and simplify: 


Substitute numerical values and 
evaluate this ratio: 
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GmM , 
2 
AF, =-2—S— Ar, 
AS 
GmM 
=-2 = S Ar, 
aS 
GmM 
Tt = —2 sda = Ar, 
Vn 
Ms 
AF, 4 * | Mgr AK 
= = -— 
AF. = Ar, M,N Ar, 
= Msrn 
Mts 
Ar, 


AF, _ (1.99x10°kg)(3.84%10% m)' 
AF, (7.36x10” kg)(1.50x10!' m)° 


=| 0.454 


Picture the Problem Let Mys be the mass of the Neutron Star and m the mass of each 
robot. We can use Newton’s law of gravity to express the difference in the tidal-like 
forces acting on the coupled robots. Expanding the expression for the force on the robot 
further from the Neutron Star binomially will lead us to an expression for the distance at 
which the breaking tension in the connecting cord will be exceeded. 


The gravitational force is greater on the lower robot, so if it were not for 
(a) | the cable its acceleration would be greater than that of the upper robot, and 


they would separate. In opposing this separation the cable is stressed. 


(6) Letting the separation of the two 
robots be Ar, and the distance from 
the center of the star to the lower 
robot be r, use Newton’s law of 
gravity to express the difference in 
the forces acting on the robots: 


Expand the expression in the square 
brackets binomially to obtain: 


Substitute to obtain: 


Letting Fg be the breaking tension 
of the cord, substitute for Fyige and 
solve for the value of r 
corresponding to the breaking strain 
being exceeded: 


Substitute numerical values and evaluate r: 


tide ~~ 
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_GM,,m GM,,m 
r (r + Ary 


2(6.673x107'N- m?/kg? )(1.99 x10 kg )(1k 
Ee en - [220i 
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Chapter 12 
Static Equilibrium and Elasticity 


Conceptual Problems 


1 e 
(a) False. The conditions DF, = 0 and ee = 0 must be satisfied. 


(5) True. The necessary and sufficient conditions for static equilibrium are DF =0 and 


> =. 
(c) True. The conditions VF =0 and pas = 0 must be satisfied. 


(d) False. An object is in equilibrium provided the conditions a F = 0 and bag = Oare 


satisfied. 


2 e 
False. The location of the center of gravity depends on the mass distribution. 


3 e 
No. The definition of the center of gravity does not require that there be any material at its 
location. 


4 ° 
Determine the Concept When the acceleration of gravity is not constant over an object, 
the center of gravity is the pivot point for balance. 


5 ee 
Determine the Concept This technique works because the center of mass must be 
directly under the balance point. Thus, a line drawn straight downward will pass through 
the center of mass, and another line drawn straight downward when the figure is hanging 
from another point will also pass through the center of mass. The center of mass is where 
the lines cross. 


*6G * 
Determine the Concept No. Because the floor can exert no horizontal force, neither can 
the wall. Consequently, the friction force between the wall and the ladder is zero 
regardless of the coefficient of friction between the wall and the ladder. 
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7 ° 

Determine the Concept We know that equal lengths of aluminum and steel wire of the 
same diameter will stretch different amounts when subjected to the same tension. Also, 
because we are neglecting the mass of the wires, the tension in them is independent of 


which one is closer to the roof and depends only on W. | (b) is correct. 


8 e 
Determine the Concept Yes; if it were otherwise, angular momentum conservation 
would depend on the choice of coordinates. 


*Q é 
Determine the Concept The condition that the bar is in rotational equilibrium is that the 
net torque acting on it be zero; i.e., Ri, = R2M>. This condition is satisfied provided R, 


= Ry and M, = Mo. | (c) is correct. 


10 ee 
Determine the Concept You cannot stand up because your body’s center of gravity must 


be above your feet. 


*11 oe 

Determine the Concept The tensile strengths of stone and concrete are at least an order 
of magnitude lower than their compressive strengths, so you want to build compressive 
structures to match their properties. 


Estimation and Approximation 


12 
Picture the Problem The diagram to the y 
right shows the forces acting on the crate 

as it is being lifted at its left end. Note that 
when the crowbar lifts the crate, only half 
the weight of the crate is supported by the 


bar. Choose the coordinate system shown . Ar, 
and let the subscript “pb” refer to the pry AF 

bar. The diagram below shows the forces | Ww _y 
acting on the pry bar as it is being used to B id 


lift the end of the crate. 
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Assume that the maximum force F'' you can apply is 500 N (about 110 Ib). Let @ be the 


distance between the points of contact of the steel bar with the floor and the crate, and let L 


be the total length of the bar. Lacking information regarding the bend in pry bar at the 


fulcrum, we’ll assume that it is small enough to be negligible. We can apply the condition 


for rotational equilibrium to the pry bar and a condition for translational equilibrium to the 


crate when its left end is on the verge of lifting. 


Apply peg , = Oto the crate: 


Apply yz = Oto the crate about 


an axis through point B and 
perpendicular to the plane of the 
page to obtain: 


Solve for F;: 


Solve equation (1) for F, and 
substitute for /, to obtain: 


Apply Me = Oto the pry bar about 


an axis through point A and 
perpendicular to the plane of the 
page to obtain: 


Solve for L: 


Substitute for F,, to obtain: 


F,-W+F, =0 (1) 
wk, -+wW =0 
Fi=4W 


as noted in Picture the Problem. 


F,=W-iw=1w 
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Substitute numerical values and 4500N 
evaluate L: L= (1m a = 


*13 ec 

Picture the Problem We can derive this expression by imagining that we pull on an area A 
of the given material, expressing the force each spring will experience, finding the 
fractional change in length of the springs, and substituting in the definition of Young’s 
modulus. 


(a) Express Young’s modulus: y F / A (1) 
~ AL/L 
Express the elongation AL of each spring: AL = = (2) 
Express the force F, each spring will F 
F=— 
experience as a result of a force F sy 
acting on the area A: 
Express the number of springs N in A 
the area A: Neg 
a 
Substitute to obtain: Fa 
5 = 
A 
Substitute in equation (2) to obtain, Fa 
for the extension of one spring: AL = KA 
Assuming that the springs AL AL 1Fa Fa 


extend/compress linearly, express Se =o 
the fractional extension of the 
springs: 


Substitute in equation (1) and simplify: 


k. 
(b) From our result in part (a): k=Ya 
From Table 12-1: Y = 200GN/m* = 2x10'' N/m? 


Assuming that a ~ 1 nm, evaluate k: k= (2 x10"! Nim?)(10~° m) -~[200N/m 


Conditions for Equilibrium 


14 

Picture the Problem Let w, represent the 
weight of the 28-kg child sitting at the left 
end of the board, w2 the weight of the 40- 
kg child, and d the distance of the 40-kg 
child from the pivot point. We can apply 
the condition for rotational equilibrium to 
find d. 


Apply > t =O about an axis through 


the pivot point P: 


Solve for and evaluate d: 


15 

Picture the Problem Let F, represent the 
force exerted by the floor on Misako’s feet, 
F the force exerted on her hands, and m 
her mass. We can apply the condition for 
rotational equilibrium to find F>. 


Apply >t = 0 about an axis 
through point 0: 


Solve for F): 


Substitute numerical values and 
evaluate F): 


*16 ° 
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W, 


W, 


w,(2m)—w,d =0 


ya Mil2m) _ (28kg)g(2m) _ [iam | 


W, (40 kg )g 


- F 


F, 
0.9m 


0 


0.6m 


_— 
mg 


F,(1.5m)—mg(0.9m) = 0 


F,= mg(0.9m) 
1.5m 
i (54kg)(9.81m/s? (0.9m) 
1.5m 
=| 318N 


Picture the Problem Let F represent the force exerted by Misako’s biceps. To find F we 


apply the condition for rotational equilibrium about a pivot chosen at the tip of her elbow. 


Apply pai = 0 about an axis 


(Scm)F —(28cm)(18N)=0 
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through the pivot: 


Solve for F: p= 28cm)08N) _ oan] 


5cm 


17° 
Picture the Problem Choose a coordinate system in which upward is the positive y 
direction and to the right is the positive x direction and use the conditions for translational 


equilibrium. 
(a) Apply > F =0 to the forces dF, =—f,+F.sn@=0 (1) 
acting on the tip of the crutch: and 

> F, =F, -F.cosd =0 (2) 
Solve equation (2) for F, and Ke = foomax = Hel = HF. Cos O 


assuming that ff = fimax, obtain: 


Substitute in equation (1) and solve uu, =| tand 
for us: 


Taking long strides requires a large coefficient of static friction because 


@ is large for long strides. 


(c) | If uw, is small, i.e., there is ice on the surface, @ must be small to avoid slipping. 


The Center of Gravity 


18 

Picture the Problem Let the weight of the automobile be w. Choose a coordinate system in 
which the origin is at the point of contact of the front wheels with the ground and the 
positive x axis includes the point of contact of the rear wheels with the ground. Apply the 
definition of the center of gravity to find its location. 


Use the definition of the center of gravity: x,W = > wx; 
i 


= 0.58w(0)+0.42w(2m) 
= (0.84m)w 
or, because W=w, X.4 (w) — (0.84 m)w 


Solve for Xcg: 


*19 

Picture the Problem The figures are 
shown on the right. The center of mass for 
each is indicated by a small +. At static 
equilibrium, the center of gravity is 
directly below the point of support. 


20 eo 
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fm» IN 
qa 


Picture the Problem Using the coordinate system indicated in the figure, we can apply 


the definition of the center of gravity to determine x, and \g. 


Apply the definition of the center of 
gravity to find x;¢: 


Solve for X¢g: 


Apply the definition of the center of 
gravity to find yg: 


Solve for Veg: 


The coordinates of the center of 
gravity are: 


XogWV = > wx; 


= (40N)(4a)+(60N)(Ea) 
+(30N)(2a)+(50N)(2a) 
=(170N)a 


or, because W = 180 N, 
X,,(180 N)=(170N)a 


Xoo = a = 0.944a 
* 180N 
val = My 


= (40N)(Ja)+(60N)(a) 
+(30N)(2a)+(S50N)(4a) 
=(180N)a 
or, because W = 180 N, 
V._(180 N) = (180 N)a 


Veg = 4 


(x.,, Veg ) = (0.944a, a) 
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21 we 

Picture the Problem Let the origin of the coordinate system be at the lower left corner of 
the plate and the positive x direction be to the right. Let a and b be the length and width of 
the plate. Let o be the mass per unit area of the plate. Then the weight of the plate is given 
by w = abog and that of the matter missing from the hole is — zR°og. Noting that, by 


symmetry, Vcg = 5/2, we can apply the definition of the center of gravity to find xg. 


Apply the definition of the center of XW = > WX; 
gravity to find x,g: ‘ 

= (abox)($a)— (20x )(a— R) 
or, because 


W=w 


plate 


om (abog — Rog) = (abog)(4a) 


—Wrole = abog = 7R* og, 


~(ak*o)(a—R) 
Solve for Xcg: Pees La*b—maR* + aR° 
” ab — nR° 
The coordinates of the center of gravity 1 @*h— aR? + mR? 
are: (xg, Seg) = : 2 »zb 
, ab—7R 


Some Examples of Static Equilibrium 


22 
Picture the Problem We can use the given definition of the mechanical advantage of a 
lever and the condition for rotational equilibrium to show that M = x/X. 


(a) Express the definition of F 
mechanical advantage for a lever: M= f 
Apply the condition for rotational xf — XF =0 


equilibrium to the lever: 


Solve for the ratio of F to fto F 
obtain: fi = 


x 

X 
Substitute to obtain: x 
M =| — 
X 


A shorter moment arm for the applied force is useful when one wishes to 


(b) | move the load over a large distance using a short movement of the applied 
force. 
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23. 
Picture the Problem The force diagram 


shows the tension in the forestay, T ry» the 


tension in the backstay, 7, 


p> the 


gravitational 
force on the mast mg, and the force exerted 


by the deck, F,. Let the origin of the 


coordinate system be at the foot of the mast 
with the positive x direction to the right and F, 
the positive y direction upward. Because the nig 
mast is in equilibrium, we can apply the 


conditions for both translational and 


rotational equilibrium to find the tension in 
the backstay and the force that the deck p 
exerts on the mast. 


Apply pai = Oto the mast about an axis (4.88m)(1000 N)sin 6, 


through its foot and solve for Tz: a (4.88 m)T, sin 45° =0 
and 
(1000 N)sin 6, 
Lee 
sin 45° 
Find 6;, the angle of the forestay with the 2.74 
, : ? 0; = tn [ =| =29.3° 
vertical: 4.88m 
Substitute to obtain: (1000 N)sin 29.3° 
T, =—————_ =| 692 N 
sin 45° [692N | 
Apply the condition for translational bs F. = F, cos@+T, sin 45° 
equilibrium in the x direction to the mast: —T, sin6, = 0 
or 
F., cos6 = (1000 N)sin29.3° 
— (692 N)sin45° 
~0 
Apply the condition for translational > F, = Fy sin @-T, cos 6; 
equilibrium in the y direction to the mast: ~T,, cos 45°—mg =0 


or 
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Because Fpcos@ = 0: 


24 


Picture the Problem The diagram shows 
Mg, the weight of the beam, mg, the 


weight of the student, and the force the 
ledge exerts F , acting on the beam. 
Because the beam is in equilibrium, we can 
apply the condition for rotational 
equilibrium to the beam to find the location 
of the pivot point P that will allow the 
student to walk to the end of the beam. 


Apply py =0 about an axis 
through the pivot point P: 


Solve for x: 


*25 ee 

Picture the Problem The diagram shows 
w, the weight of the student, F,, the 
force exerted by the board at the pivot, and 
F, the force exerted by the scale, acting 
on the student. Because the student is in 
equilibrium, we can apply the condition for 
rotational equilibrium to the student to find 
the location of his center of gravity. 


Apply yt = 0 about an axis 


F, sin @ = (1000N)cos29.3° 
+ (692 N)cos45° 
+(120kg)(9.81m/s’) 
= 2539 N 


and 
no block is required to prevent the 


mast from moving. 


7 


—e|5m-—x 


mg 
Mg 


Mg(5m-x)—mgx =0 


5M 5(300kg) a7 | 
— = = 4.17 
‘ M+m _ 300kg+60kg = 


F.(2m)- wx =0 


Static Equilibrium and Elasticity 


through the pivot point P: 


Solve for x: ae (2 m)F. 
w 
Substitute numerical values and 2 (2 m)(250 N) _10.728m 
evaluate x: (70 kg)(9.81m/ s° ) 
26 


Picture the Problem The diagram shows 
mg, the weight of the board, F,, the force 
exerted by the hinge, Mg, the weight of 
the block, and F , the force acting 
vertically at the right end of the board. 
Because the board is in equilibrium, we can 


apply the condition for rotational 


equilibrium to it to find the magnitude of 


F. Mg 
(a) Apply vz = (0 about an axis F [(8m)cos 30°]- mg|(1.5 m)cos 30°| 
through the hinge: =aiS [(0.8m)cos 30°] =0 
Solve for F: F= m(1.5m)+M(0.8m) , 
3m 

Substitute numerical values and Wx (5 kg\(1.5m)+ (60 kg\(0.8 m) 
evaluate F: 3m 

x (9.81m/s) 
(b) Apply >) F, = 0 to the board: F,—-Mg-mg+F =0 
Solve for and evaluate Fy: Fy =Mg+mg-F = (u +m)g = 


= (60kg +5kg)(9.81m/s?)-181N 


- [57] 
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(c) The force diagram showing the 
force F acting at right angles to the 
board is shown to the right: 


Apply a = 0 about the hinge: 


Solve for F: 


Substitute numerical values and 
evaluate F: 


Apply > F, = 0 to the board: 


Apply > F, = 0 to the board: 


Divide the first of these equations by 
the second to obtain: 


Solve for @ 


Substitute numerical values and evaluate @: 


F(3m)- mg|(1.5m)cos 30° 
— Mg|(0.8m)cos30°] = 0 


we m(1.5m)+M (0.8m) 


cos 30° 
3m 7 


(Skg)(1.5m)+(60kg)(0.8m) 
3m 


x (9.81m/s? }cos30° 


=|157N 


F,, sin @— Mg —mg + F:cos30° = 0 
or 
F,sin@ =(M +m)g—Fcos30° (1) 


Fe 


F,, cos@ — F'sin30° = 0 
or 
FF, cos@ = F'sin30° (2) 


F,sin@ _ (M +m)g —F cos30° 
Fi, cosé F'sin30° 


Aaa (M +m)g—F cos30° 
F'sin 30° 
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Ae tn sual otme G87 N)cos30° 


(157 N)sin30° 


Substitute numerical values in 
equation (2) and evaluate Fy: 


“27 * 

Picture the Problem The planes are 
frictionless; therefore, the force exerted by 
each plane must be perpendicular to that 
plane. Let F be the force exerted by the 30° 


plane, and let F, be the force exerted by the 


60° plane. Choose a coordinate system in 
which the positive x direction is to the right 
and the positive y direction is upward. 
Because the cylinder is in equilibrium, we 
can use the conditions for translational 
equilibrium to find the magnitudes of F, and 


ee 
Apply ye = 0 to the cylinder: 
Apply ay = 0 to the cylinder: 
Solve equation (1) for F: 


Substitute in equation (2) to obtain: 


Solve for F>: 


Substitute in equation (3): 


|-on0 


157 N )sin30° 

_ = fis )sin 30° _ =OgN 
cos81.1° 

F,sin30° — F, sin 60° = 0 (1) 


F,cos30°+ F, cos60°-W =0 (2) 


F=3F, 


(3) 


3F, cos30° + F, cos60°-W =0 


(V3 cos30° +cos60°}F, =W 


or 


-= 3 cos 30° + cos 60° 


W 


=|1iW 
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28 ee 
Picture the Problem The force diagram 
shows the forces F,, T. >» and T. acting 
on the strut. Choose a coordinate system 
in which the positive x direction is to the 
right and the positive y direction is 
upward. Because the strut is in 
equilibrium, we can apply the conditions 
for translational and rotational equilibrium 
to it. 


The forces acting on the strut are the tensions T, and T. >» and F,, the 


a 
force exerted on the strut by the hinge. 


(b) Apply yt = 0 about an axis 
through the hinge: 


Solve for 7}: 


(c) Apply pes = 0 to the beam: 


Apply pee = 0 to the beam: 


Divide equation (2) by equation (1) 
to obtain: 


Solve for @: 


Express 7> in terms of Ty: 


T,0sin30°-T.f = 0 


1, =f, sin30° = 7, 
or, because 7, = 80 N, 


F,, cos @ —T, cos30° = 0 


or 


F,, cos @ = T, cos30° 


F,, sin @ +T, sin30°—T, = 0 


or 


F,, sin @ = T, —T, sin30° 
= 80 N —7, sin30° 


tan 0 = 


A= an| 


80 N —7; sin 30° 


T, cos 30° 


T. 


2v 


80N-Z, sin =) 


T, cos 30° 


_ 80N 


2 Sin 30° 


sin 30° 


=160N 


(1) 


(2) 


Evaluate @ 


Substitute numerical values in equation 
(1) and evaluate Fy: 


29 ee 


Picture the Problem The force diagram 
shows the weight of the pirate, Mg, the 


weight of the victim, mg, and the force 
the deck exerts at the edge of the 

ship, F acting at the fulcrum P. The 
diagram also shows, for part (5), the 
weight of the plank acting through the 
plank’s center of gravity. 


(a) Apply » tT = Oat the pivot point P: 


Solve for x: 


(b) Apply Ve = 0 about an axis 
through the pivot point P: 


Solve for x: 


Substitute numerical values and 


evaluate x: 
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5 an | OR — (160 N)sin 30 | ae 


(160 N)cos 30° 
F,= (160'N)cos30° _ T3655 to the 
cos 0° 
right. 
: 
=a 8 m- x ——> x 
4m | i | 
mig 7 
mg 
Mg 
Mg(8m —x)—mgx =0 
or 
M(8m-x)—mx =0 
8M (105kg) | 


5.00m 


X= = = 
M+m_ 105kg+63k¢ 


Mg(8m-x)+ m,g(4m—x)—mgx =0 


or 
M(8m-x)+m,(4m-—x)—mx =0 


8M +4m, 
x= 
M+m+m, 


8(105kg)+ 4(25kg) 
= =| 4.87 
. 105kg + 63kg + 25kg [487m 
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30. ee 
Picture the Problem The drawing shows 
the door and its two supports. The center of 
gravity of the door is 0.8 m above (and 
below) the hinge, and 0.4 m from the hinges 
horizontally. Choose a coordinate system in 
which the positive x direction is to the right 
and the positive y direction is upward. 
Denote the horizontal and vertical 
components of the hinge force by Fy, and 
Fyy. Because the door is in equilibrium, we 
can use the conditions for translational and 
rotational equilibrium to determine the 
horizontal forces exerted by the hinges. 


Apply > t =O about an axis through 


the lower hinge: 


Solve for Fyn: 


Substitute numerical values and 
evaluate Fyn: 


Apply ye = 0 to the door and 


solve for Fy, : 


_ 04m—> 


F,,,(1.6m)—mg(0.4m) = 0 


mg(0.4m) 
| aa Bidet 5 
o 1.6m 
(i8kg)(9.81m/s? )(0.4m) 
Pin = 1.6 
om 
F'n Fn =0 
and 


Note that the upper hinge pulls on the door 
and the lower hinge pushes on it. 
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31 we 
Picture the Problem The figure shows the 
wheel on the verge of rolling over the edge 
of the step. Note that, under this condition, 
the normal force the floor exerts on the 
wheel is zero. Choose the coordinate system 


shown in the figure and apply the conditions t 

for translational equilibrium and the result : 

for F from Example 12-4 to the wheel. ' 
+——_ x — 

Apply > F =0 to the wheel: dF, =F-F,=0 


Write F, in vector form: =-F,itkyJ 


From Example 12-4 we have: M Jh(2R —h ) 


Substitute to obtain: . MgJh(2R = h) ae 
= —-\ ~___j + Mgj 


32 ee 

Picture the Problem The diagram shows 
the forces F, and F, acting at the supports, 
the weight of the board mg, acting at its 


center of gravity, and the weight of the o_i2m_| 09m 21m 
diver Mg acting at the end of the diving ? | 


board. Because the board is in 

equilibrium, we can apply the condition F 
for rotational equilibrium to find the 

forces at the supports. Mg 


Apply > T = Oabout an axis through (1.2 m)F, = (2.1m)mg = (4.2 m)Mg =0 


the left support: 
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Solve for F»: 


a (2.1m)m +(4.2m)M 


° (1.2m) 2 


Substitute numerical values and evaluate F>: 


P= (2.1m)(30kg)+ (4.2m)(70 kg) (9.81m/s?)= 2.92 kN, compression | 
(1.2m) 
Apply ») Tt = Oabout an axis through (1.2 m)F, ac (0.9 m)mg aad (3m)Mg =0 


the right support: 


Solve for F: Fez (0.9 m)m F (3m)M 
: (1.2m) 


& 


Substitute numerical values and evaluate F): 


p, — OSmiGOhs) + CmICO (gms?) = [BARN ension | 
cm 


33 ee 
Picture the Problem Let 7 be the tension in 
the line attached to the wall and L be the 
length of the strut. The figure includes w, 
the weight of the strut, for part (6). Because 
the strut is in equilibrium, we can use the 
conditions for both rotational and 
translational equilibrium to find the force 


exerted on the strut by the hinge. 


(a) Express the force exerted on the F- Fi ze Fj (1) 
strut at the hinge: 


Ignoring the weight of the strut, L[T- (L cos 45°)W =0 
apply ya Tt = Oat the hinge: 


Solve for the tension in the line: T =W cos 45° = (60N)cos45° 
= 42.43N 


Apply > F = 0 to the strut: YE, = F, —T cos 45° = 0 
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and 
> F, =F, +T cos45°- Mg =0 


Solve for Fy: T, =T cos45° = (42.43N)cos 45° 
= 30.0N 

Solve for Fy: FP = Mg -T cos 45° 
= 60 N —(42.43N)cos45° 
= 30.0N 

Substitute in equation (1) to obtain: FS (30.0 N)i 4 (30.0 N)j | 


(5) Including the weight of the strut, 


L 
= LT —\Lcos45°)W —| —cos45 |w =0 
apply » Tt = Oat the hinge: ( me ) E — 


Solve for the tension in the line: Te (cos 45°)W it (3 en 15° us 


= (cos 45°)(60 N)+{ os 45° (20 N) 
= 49.5N 
Apply DF = 0 to the strut: » = fF, -T cos 45° =0 


and 
> F, =F, +7 cos45°-W-w=0 


Solve for Fy: T, =T cos 45° = (49.5 N)cos 45° 
=35.0N 

Solve for Fy: PF, =W+w-Tcos45° 
=60N + 20N-—(49.5N)cos45° 
=45.0N 


~ 
° 


Substitute in equation (1) to obtain: (35.0 N)i 4 (45.0 N)j 


1 
ll 
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Picture the Problem Note that if the 60-kg mass is at the far left end of the plank, 7; and 
T> are less than 1 kN. Let x be the distance of the 60-kg mass from 7,. Because the plank is 


in equilibrium, we can apply the condition for rotational equilibrium to relate the distance x 


to the other distances and forces. 


oy 


15m lm 


Apply vz = 0 about an axis 
through the left end of the plank: 


Solve for x: 
Substitute numerical values and 
simplify to obtain: 


Set 7> = 1 KN and evaluate x: 


My 
Mpg 


(5m)7, -(4m)m,g —(2.5m)m,g 


—m,gx =0 


7 (Sm)T, —(4m)m,g —(2 m)m,g 


Mg 


(5m)T, —3.63kN-m 
0.5886kN 


(5m)(1kN)—3.63kN-m 
0.5886 kN 


= 2.33m 


and | Julie is safe for 0 < x < 2.33m. 
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Picture the Problem The figure to the 
right shows the forces acting on the 
cylinder. Choose a coordinate system in 
which the positive x direction is to the right 
and the positive y direction is upward. 
Because the cylinder is in equilibrium, we 
can apply the conditions for translational 
and 

rotational equilibrium to find F,, and the 


horizontal and vertical components of the 
force the corner of the step exerts on the 


F, 
cylinder. 
(a) Apply °7 =0 to the cylinder Mgl—F.¢—F(2R-h)=0 
about the step’s corner: 
; IR- 
Solve for F;: Pee F( R h) 
a 
Express / as a function of R and h: =./R? -(R —hy _ l[>Rh hr 
F =Me- F(2R-h) 
2Rh—h°* 
=| ae 2R—-h 
h 
(b) Apply > F. = 0 to the cylinder: -F +f =0 
Solve for Fy: o> 
(c) Apply > F,, = 0 to the cylinder: Fo-Met lf. = 0 


Solve for Fyy: Fg = Mer, 


932 Chapter 12 


Substitute the result from part (a): IR— 
part (a) R= Mg {ms PH 


36 ee 
Picture the Problem The figure to the 
right shows the forces acting on the 
cylinder. Because the cylinder is in 
equilibrium, we can use the condition for 
rotational equilibrium to express F, in 


terms of F’. Because, to roll over the step, 
the cylinder must lift off the floor, we can 


set /’, = 0 in our expression relating Fy, 
and F and solve for F. 


Apply ys = 0 about the step’s corner: Mgl—F.¢-F(2R-h)=0 


Solve for F;,: F =Me- F(2R — h) 


. t 


Express / as a function of R and h: pm [R2 -(R —hy at 


Substitute to obtain: F=Me- F (2R — h) 
V2Rh—h?* 
2R—-h 
= Mo —F | 
. h 
To roll over the step, the cylinder = 
' ane a 0=Mg-F 2R—-h 
must lift off the floor, i.e., /, = 0: h 
Solve for F: h 
F=| Mg 
2R—-h 
*37 ee 


Picture the Problem The diagram shows the forces F’, and F> that the fencer’s hand 
exerts on the epee. We can use a condition for translational equilibrium to find the 
upward force the fencer must exert on the epee when it is in equilibrium and the 
definition of torque to determine the total torque exerted. In part (c) we can use the 
conditions for translational and rotational equilibrium to obtain two equations in F and 
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F, that we can solve simultaneously. In part (d) we can apply Newton’s 2™ law in 
rotational form and the condition for translational equilibrium to obtain two equations in 
F and F’ that, again, we can solve simultaneously. 


F, 
—_— 12cm 
0 
2cm 
F, : 
yw 
= 24 om —$— 
(a) Letting the upward force F-W=0 


exerted by the fencer’s hand be F, 
apply > Ff, = Oto the epee to 


obtain: 


Solve for and evaluate F: 


(5) Express the torque due to the 
weight about the left end of the 
epee: 


(c) Apply >», = Oto the epee to 


obtain: 
Apply >. = Oto obtain: 


Solve these equations 
simultaneously to obtain: 


38 oo 


933 


F = mg = (0.7kg)(9.81m/s) = 


t = (w= (0.24m)(6.87N) = 


—F,+ F,-6.87N =0 (1) 


—(0.02m)F, +(0.12m)F, -1.65N-m =0 


F, =| 8.26N | and F, =| 15.1N ]. 


Note that the force nearest the butt of the 
epee is directed downward and the force 
nearest the hand guard is directed upward. 


Picture the Problem In the force diagram, the forces exerted by the hinges 


are F F 


y,2? ~ yl? 


and F , Where the subscript 1 refers to the lower hinge. Because the gate 


is in equilibrium, we can apply the conditions for translational and rotational equilibrium 


to find the tension in the wire and the forces at the hinges. 
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T 
0 
i 
2) 
om. ae 
mg 
(a) Apply a = 0 about an axis ¢,Tsin@+,T cosd—¢,mg =0 
through the lower hinge and 
perpendicular to the plane of the page: 
Solve for 7: = &,mg 
é,sin@+,cosé 
Substitute numerical values and Te (1.5m)(200N) 
evaluate T: (1.5m)sin 45° + (1.5m)cos 45° 
=|141N 
(b) Apply > F, = 0 to the gate: F., -T.cos45°=0 
Solve for and evaluate F;,;: F., =T cos 45° = (141N)cos 45° 
=| 99.7N 
(c) Apply DF, = Oto the gate: Fy, +F,, +Tsin45°— mg =0 
Because F,,; and F,,» cannot be Fy, +F,, =mg—Tsin 45° 
determined independently, solve for = 200N—99.7N 
and evaluate their sum: _l100N 


39 eco 
Picture the Problem Let 7 = the tension in the wire; F,, = the normal force of the 
surface; and fi max = sf", the maximum force of static friction. Letting the point at which 
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the wire is attached to the log be the origin, the center of mass of the log is at (-1.838 m, 
—0.797 m) and the point of contact with the floor is at (—3.676 m, —1.594 m). Because the 
log is in equilibrium, we can apply the conditions for translational and rotational 


equilibrium. 


iooss 


Apply Dey = Oto the log: 


Apply ye = Oto the log: 


Divide equation (1) by equation (2) 
to obtain: 


Apply vz = 0 about an axis 


through the origin: 


Solve for F;: 


TsinO— fy max = 9 


or 
T sind = ae = He, (1) 


Tcos6+F. —mg =0 


or 

Tcos0=mg-F. (2) 

TsinO uF, 

TcosO mg-F, 

or 

6 = tan? Hs (3) 
mg, 
F 


n 


Lme-tF, =f fF, = 0 


__ &,mg 
My oll, 


n 
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Substitute numerical values and 
evaluate F;,: 


Substitute in equation (3) and 
evaluate @: 


Substitute numerical values in 
equation (1) and evaluate 7: 


40 eve 
Picture the Problem Consider what 
happens just as @ increases beyond 

@ max. Because the top of the block is fixed 
by the cord, the block will in fact rotate 
with only the lower right edge of the block 
remaining in contact with the plane. It 
follows that just prior to this slipping, F, 
and f = usFy act at the lower right edge of 
the block. Choose a coordinate system in 
which up the incline is the positive x 
direction and the direction of F, is the 


positive y direction. Because the block is in 
equilibrium, we can apply the conditions 
for translational and rotational equilibrium. 


Apply > F’. = 0 to the block: 
Apply D F’, = Oto the block: 


Apply >» t =O about an axis 


through the lower right edge of the 
block: 


Eliminate /, between equations (1) 
and (2) and solve for 7: 


2 
ie 1.838(100kg)(9.81m/s*) _ aay 


: 3.676 +1.594(0.6) 


@=tan De 
(100kg)(9.81m/s”) 
389 N 


[EF] 


(0.6)(389 N) 
T = =| 636N 
sin21.5° | 636N | 


T+u.F,—mgsin@=0 (1) 
F. —mgcos@=0 (2) 


4a(mg cos@)+4b(mg sin @)— bT =0 (3) 


i= mg(sin O— uu, cos 6) 


Static Equilibrium and Elasticity 937 


Substitute for 7 in equation (3): 1a(mg cos O)+ 1b(mg sin 6) 
—b[mg(sin @ — uz, cos @)|=0 


Substitute 4a for b: 4a(mg cos 0) 4 1(4a)(mg sin 6) 
- (4a)|mg(sin @ — l, COS 6)| =0 


Simplify to obtain: (1 +8, )cos é—4sind=0 
1+ 
Solve for & 6 =tan2 8 LL, 
4 
1+8(0.8 
Substitute numerical values and pega ( ) ~| 61.6° 
evaluate 0: 4 
#41 ee 


Picture the Problem The free-body diagram shown to the left below is for the weight 
and the diagram to the right is for the boat. Because both are in equilibrium under the 
influences of the forces acting on them, we can apply a condition for translational 
equilibrium to find the tension in the chain. 


y 
y 
| A 
F, 
T l T 
| 
0 | 6 
x = x 
a4 ‘ 
" y 
100 N mg 
(a) Apply we = Oto the boat: F,-Tcos0=0 
Solve for T: Te By 
cos @ 
Apply ya = 0 to the weight: 2T sin@—100N =0 (1) 
Substitute for 7 to obtain: 2F, tan0—-100N =0 
Solve for 0: _, 100N 
@=tan  —— 


2F, 
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Substitute for /y and evaluate 0: 


Solve equation (1) for 7: 


Substitute for 9 and evaluate 7: 


(5) Use the diagram to the right to 
relate the sag Ay in the chain to the 
angle @ the chain makes with the 
horizontal: 


Solve for Ay: 


Because the horizontal and vertical 
forces in the chain are equal, 0= 
45° and: 


(c) Relate the distance d of the boat 
from the dock to the angle Othe 
chain makes with the horizontal: 


Solve for and evaluate d: 


(d) Relate the resultant tension in 
the chain to the vertical component 
of the tension F, and the maximum 
drag force exerted on the boat by the 
water Fa max: 


Solve for Fu max! 


Because the vertical component of the 
tension is 50 N: 


42 


@=tan”™ sues = 45° 
N) 
Te 100 N 
2sin 0 
7a l0ON _ 70.7N 
2sin 45° 


sin 0 = 
where L is the length of the chain. 


Ay =4Lsin0 


Ay = 4(5m)sin 45° =| 1.77m 


d = Lcos@ =(5m)cos 45° =| 3.54m 


F? + F) 4, =(500N)’ 


Vv d,max 


P 


d,max 


Fm. = \(500 NJ = (50N)° = 


= (500 N) —F? 


Picture the Problem Choose a coordinate system in which the positive x axis is along 


the rod and the positive y direction is normal to the rod. The rod and the forces acting on 
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it are shown in the free-body diagram. The forces acting at the supports are denoted by 
the numerals 1 and 2. The resultant forces at the supports are shown as dashed lines. 
We’ll assume that the rod is on the verge of sliding. Because the x components of the 
forces at the supports are friction forces, they are proportional to the normal, i.e., y, 
components of the forces at the supports. Because the rod is in equilibrium, we can apply 
the conditions for translational and rotational equilibrium. 


wer 
e 


6 F, xm 
7 aN v4 a 
we a. pt f \ 
€; = F,, / \ 
4} , 
“ COOK *, 
: \ - 
a) or: 
\ 
‘ 
\ \ 
0 ; 
mg 
Apply Die = 0 about an axis CF, —£,mg cos 8 = 0 
through the support at x = 2 m: 
Solve for F»,: FE = ¢,mg cos 0 
3 i ; 
2 
Substitute numerical values and r= (3 m)(20 kg)(9.81m/s? )cos 30° 
evaluate F>,: a 4m 
=127.4N 
Apply Seu = 0 about an axis (¢, —¢,)mgcos0—0,F,, =0 
through the support at x = 6 m: 
Solve for F,: F = (2, S ¢,)mg cos 0 
=e 
J £, 
Substitute numerical values and F = (4 m— 3m)(20 kg)(9.81m/ s?) 
evaluate F,: ee 4m 


x cos 30° 
=42.48N 
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Apply pas = Oto the rail: 
Assuming that the rod is on the 
verge of sliding and that the 
coefficient of static friction is the 
same for both supports: 

Divide the first of these equations 
by the second and evaluate this ratio 


to obtain: 


Solve for F2,: 
Substitute in equation (1): 
Solve for F,: 


Substitute numerical values and 
evaluate F,,: 


Evaluate F,: 


Find the angle @, the force at 
support 1 (x = 2 m) makes with the 
rod: 


Find the angle @, the force at 
support 2 makes with the rod: 


Find the magnitude of F, : 


F,,. + Fy, —mgsin 30° = 0 (1) 
eat PD 

and 

Fs = MF, 


FF, _42.48N_ 1 


Bi, 1274N 3 
Ff, x = 3F, 


F,,, +3F,,. -mgsin@ =0 


F,,, =4mg sin 0 
F., =4(20kg)(9.81m/s?)sin 30° 
= 24.53N 


Fy, =3(24.53N) = 73.58N 


Fy — pant 42-48N _ 


6, = tan =| 60.0° 
F 24.53N 
Va 127.4N 

@, = tan’! —” = tant =| 60.0° 
F,, 73.58N 

R= hth, 


= /(24.53N/) + (42.48N)’ 


-[9iN] 
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Find the magnitude of F, : Fi =, [Fy te la 


= ,|(73.58N)’ + (127.4N)’ 


-[47] 


43° 

Picture the Problem The forces shown in the figure constitute a couple and will cause 
the plate to experience a counterclockwise angular acceleration. We can find this net 
torque by expressing the torque about either of the comers of the plate. 


Sum the torques about an axis Tet = b|(80 N)cos 30°] = al(80 N)sin 30°] 


through the upper left corner of the _ (69 3 N) he ( 40.0 N) 4 
plate to obtain: 


44. 

Picture the Problem We can use the condition for translational equilibrium and the 
definition of a couple to show that the force of static friction exerted by the surface and 
the applied force constitute a couple. We can use the definition of torque to find the 
torque exerted by the couple. We can use our result from (4) to find the effective point of 
application of the normal force when F = Mg/3 and the condition for rotational 
equilibrium to find the greatest magnitude of F for which the cube will not tip. 


Ss 


(a) Apply > F, = 0 to the stationary F+f.=0 


cube: 


F = ~f. and this pair of equal, 
parallel, and oppositely directed 


forces constitute a couple. 


The torque of the couple is: T couple = 

(b) Let x = the distance from the Mgx — Fa=0 (1) 
point of application of F,, to the or 

center of the cube. Now, F, = Mg, ae Fa 

so applying ya = Oto the cube Mg 

yields: 

Substitute for F = Mg/3 to obtain: Mg 
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(c) Solve equation (1) for F: Fe= Mex 


Noting that xmax = a/2, substitute to 


Me 
express the condition that the cube F> MEX max = . = Mg 
will tip: a a 2 
45 


Picture the Problem We can find the perpendicular distance between the lines of action 
of the two forces by following the outline given in the problem statement. 


Express the vertical components of 3 

. Fcos30° = 3 5 
the forces: 2 
Express the horizontal components F sin 30° = a 


of the forces: 


Express the net torque acting on the 40 


plate: Pet 2 


Letting D be the moment arm of the Tre =D 
couple, express the net torque acting 
on the plate: 


Equate these two expressions for The: FD=43F (/3p - a) 
Solve for D: D= 1(/3b a) 
*46 ee 


Picture the Problem Choose the y 
coordinate system shown in the diagram h 
and let x be the coordinate of the thrust INO 
point. The diagram to the right shows the 

forces acting on the wall. The normal force 
must balance out the weight of the wall and 
the vertical component of the thrust from 
the arch and the frictional force must 

balance out the horizontal component of mig 

the thrust. We can apply the conditions for | J 
translational equilibrium to find fand F, | 
and the condition for rotational equilibrium fl 
to find the distance x from the origin of our . lw x w 
coordinate system at which F,, acts. 
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(a) Apply the conditions for > F.=-f+F,,,cos@ =0 (1) 
translational equilibrium to the wall d ; 
to obtain: as 


DF, =F, -mg—-Fy.,sin0=0 (2) 


Solve equation (1) for and evaluate f: f=Facose= (2 x104 N)cos 30° 
=| 17.3kN 
Solve equation (2) for Fy: F =mg+F,,,sin0 
Substitute numerical values and F= (3x 10* kg)(9.81m/s?) 
evaluate F;,: . 3 
+ (2x10* N)sin 30° 
=| 304kN 
Apply oo = 0 to the to the wall: xF —+wmg —hF,,,, cos @ = 0 
Solve for x: oe 5wmg +hF,,, cosé 
as 


n 


Substitute numerical values and evaluate x: 


_ 4(1.25m)(3x10* kg)(9.81m/s?)+ (10m)(2 x104 N)cos 30° 
7 304 kN 


=| 0.570m 


) 


If there were no thrust on the side of the wall, the normal force would act 
through the center of mass, so making the weight larger compared to the 


thrust must move the point of action of the normal force closer to the center. 


47 
Picture the Problem Let / be the height of ; 
the structure, 7 be the thrust, Othe angle h 
from the horizontal of the thrust, m’g the 
weight of the wall above height y, N(x) the SS) N 

| 

| 

| 

| 

| 

| 

| 


normal force, fthe friction force the lower 
part of the wall exerts on the upper part, 
and w the width of the structure. We can 
apply the conditions for translational and 
rotational equilibrium to the portion of the 
wall above the point at which the thrust is 
applied to obtain two equations that we can 
solve simultaneously for x. 


m'g 
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Apply » F’, = 0 to that fraction of the 
wall above height y: 


Assuming the wall is of uniform 


density, express m’g in terms of mg: 


Substitute to obtain: 


Solve for M(x): 


Apply Sac = 0 about an axis 
through (0,y) and perpendicular to 
the xy plane to obtain: 


Solve for x to obtain: 


Substitute for N(x) to obtain: 


N(x)—Tsin@—m'g =0 


ig ER eo 
h-y h 

and 

! By 
m'g =mg| 1-— 
=me(1-2) 


M(x)-Tsind—me{ 1-7) =0 


N(x)= Tin 8+ me{ 1-2 


xN(x)—(h—y)T cos@ 


—_im 
git 


ee 
= img is 7 


(Lmgw+ hT cos 1- ») 


Psind+me{ 1-2 


x= 


Substitute numerical values and simplify to obtain: 


[+(3x10*kg)(9.81m/s?)(1.25m)+ (10m)(2x10* N)cos of 


x= 
(2x10* N)sin30° + (3x10 kg)(9.81m/s?}) 1-—— 
10m 
__ 35.71m-3.571y 
30.43— (2.943m"}y 
Solve for y: 


35.71m —30.43x 
3.571—(2.943m")x 


y 
10m 
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The graph shown below was plotted using a spreadsheet program: 
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Ladder Problems 


*4B oe 


Picture the Problem The ladder and the 
forces acting on it at the critical moment of 
slipping are shown in the diagram. Use the 


coordinate system shown. Because the 


ladder is in equilibrium, we can apply the 
conditions for translational and rotational 


equilibrium. 


Using its definition, express y,: 


Apply > t =O about the bottom of 
the ladder: 


Solve for Fw: 


Find the angle @ 


p= (1) 


[(9m)cos6 |Mg +[(5m)cos 4|mg 
—|(10m)sina]F,, = 0 
(9m)M +(5m)m 


ae (10m)sin@ a 


6 = cost 2 8™ _ 73.749 
10m 


945 
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Evaluate Fw: FE = (9m)(70kg)+(S5m)(22kg) 
(10m)sin 73.74° 


W 
x (9.81m/s? )cos 73.74° 
=211.7N 


Apply DF . = 0 to the ladder and Pip fig 0 


solve for ff max: and 
io =F, =211.7N 


Apply dF = Oto the ladder: FF, —-Mg-mg=0 
Solve for F),: i= (mM +m)g 
= (70kg + 22kg)(9.81m/s’) 
= 902.5N 
Substitute numerical values in 7 211.7N ~1 0.235 
equation (1) and evaluate w,: > 902.5N 
49 ee 


Picture the Problem The ladder and the 
forces acting on it are shown in the 


diagram. Because the wall is smooth, the 
force the wall exerts on the ladder must be 
horizontal. Because the ladder is in 
equilibrium, we can apply the conditions 
for translational and rotational equilibrium 
to it. 


Apply dF, = Oto the ladder and F -Mg=0=> F,=Mg 


solve for F;: 


Apply ai = 0 to the ladder and Bog hee OS Jia — Pog 


solve for fmax! 


Apply » t =O about the bottom of Megxcos@-F,,Lsin@ =0 
the ladder: 
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Solve for x: ee FY Lsin @ 7 Joie 
Mg cos@ Mg 

_ HA yh 

= Me 


tand 


tan@ = u.Ltané 


. . h 
Referring to the figure, relate x to / and ange” 


solve for h: x 
and 


h=xsin@ =) u.Ltandsind 
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Picture the Problem The ladder and the 
forces acting on it are shown in the 
drawing. Choose a coordinate system in 
which the positive x direction is to the right 
and the positive y direction is upward. 


Because the wall is smooth, the force the 


4mg mg 


wall exerts on the ladder must be 


horizontal. Because the ladder is in 
equilibrium, we can apply the conditions 


for translational and rotational equilibrium. Fe: 
Apply ys = Oto the ladder and F. —mg—4mg =0 
solve for F;: and 
Ff =smg 
Apply DF, = 0 to the ladder and Pg Fc) 
solve for fémax! and 
Tis Fy 


Apply Fr = 0 about an axis 


through the bottom of the ladder: 


Substitute for Fw and then fj max and t= 5u,.mgL sin 6 —+mgL cos @ 
solve for ¢: Amg cos0 


L 
eco! + 4mgtcos@— F,,Lsin@ = 


947 


0 
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Simplify to obtain: t= [ S) i baa. ;] L 


i.e., you can climb about 85% of the way to 
the top of the ladder. 


51 ee 
Picture the Problem The ladder and the 
forces acting on it are shown in the figure. 
Because the ladder is separating from the 
wall, the force the wall exerts on the ladder iy 7 
is zero. Because the ladder is in 

equilibrium, we can apply the conditions mg 


for translational and rotational equilibrium. 


To find the force required to pull the mg —cos@-~ F sin =0 
ladder away from the wall, apply 2 2 


yz = 0 about an axis through the ee 5 gee h 


bottom of the ladder: 4 tan @ 
ms" _= Fsind=0 
tand 2 
Solve for F: Fz amg (1) 
Ltan @sin 0 
Apply >) F, = 0to the ladder: Fey eS Pai =P, 2) 
Apply > F, = Oto the ladder: F —-mg=0> F,=mg 
Equate equations (1) and (2) and iene 2mgh 
substitute for F, to obtain: ° Ltan @sin@ 
Solve for ws: _ 2h 
Pel i tan @sin 0 
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Picture the Problem Assume that half the 
man’s weight acts on each side of the 
ladder. The force exerted by the frictionless 
floor must be vertical. D is the separation 
between the legs at the bottom and x is the 
distance of the cross brace from the apex. 


Because each leg of the ladder is in 


equilibrium, we can apply the condition for 
rotational equilibrium the right leg to relate 
the tension in the cross brace to its distance 


from the apex. 


(a) By symmetry, each leg carries 
half the total weight. So the force on 
each leg is: 


(b) Consider one of the ladder’s 
legs and apply ya = 0 about the 


apex: 
Solve for 7: 


Using trigonometry, relate / and 0 
through the tangent function: 
Solve for D to obtain: 

Substitute and simplify to obtain: 
Substitute numerical values and 
evaluate T: 


Apply > F’, = Oto the ladder and 


solve for F,: 


Substitute to obtain: 
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PF ——Ix=0 
para? 
2x 

D/2 
tan + Pek 

h 
D= 2htans0 
7a 2hohtan2@ _ Fyhtan 56 

2x x 
7 aft tan 50 

x 


F,-5w=0Oand F.=45w 


n 


Te wh tan 50 
Oe 


(1) 
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Substitute numerical values and Te (900 N)(4m)tan15° 7 [24iN iN 
evaluate 7: 2(2 m) 
(c) From equation (1) we can see T will decrease. 


that, if x is increased, i.e., the brace 
moved lower: 


53. ee 
Picture the Problem The figure shows the 
forces acting on the ladder. Because the 
wall is frictionless, the force the wall exerts 
on the ladder is perpendicular to the wall. 
Because the ladder is on the verge of 
slipping, the static friction force is fi max. 
Because the ladder is in equilibrium, we 
can apply the conditions for translational 


and rotational equilibrium. 
Apply > F, = Oto the ladder: F -mg=0>F, =mg 


T= L 
Apply b>. 0 about an axis mg cos 0—LF,, sind =0 


through the bottom of the ladder: 


Substitute for Fy and F, and 5cos@— yu, sin@ =0 
simplify to obtain: 


Solve for and evaluate @- 


a tan” =| 59.0° 
2 


Stress and Strain 


*54 ° 

Picture the Problem Z is the unstretched length of the wire, F is the force acting on it, and 
A is its cross-sectional area. The stretch in the wire AZ is related to Young’s modulus by 

Y =(F/A)/(AL/L). We can use Table 12-1 to find the numerical value of Young’s 


modulus for steel. 


Find the amount the wire is oe /A 
stretched from Young’s modulus: AL/L 


Static Equilibrium and Elasticity 951 


Solve for AL: AL = EL 
YA 
Substitute for F and A to obtain: A= mgL 
Yar° 
Substitute numerical values and AL = (50 kg)(9.81m/s? \(6 m) 
evaluate AL: 2m x10"! N/m? (2x10 m)" 


-[0376mm | 


55° 
Picture the Problem Z is the unstretched length of the wire, F is the force acting on it, and 


A is its cross-sectional area. The stretch in the wire AZ is related to Young’s modulus by 
Y =stress/strain =(F/A)/(AL/L). 


(a) Express the maximum load in Fx = breaking stress x A 
terms of the wire’s breaking stress: = breaking stress x r- 
Substitute numerical values and P.= (3x 10° N/m? ) (0.21% 10° m)" 
evaluate Finax: 

=| 41.6N 
(b) Using the definition of Young’s Ani= F/A_ 1.5x10° N/m? 
modulus, express the fractional ~  Y 1.1x«10! N/m? 
change in length of the copper wire: ~ 136x102 = 0.136% 


56° 

Picture the Problem Z is the unstretched length of the wire, F is the force acting on it, and 
A is its cross-sectional area. The stretch in the wire AZ is related to Young’s modulus by 

Y =(F/A)/(AL/L). We can use Table 12-1 to find the numerical value of Young’s 


modulus for steel. 


Find the amount the wire is stretched Y= ra / A 
from Young’s modulus: AL/L 
Solve for AL: AL = HL 
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Substitute for F and A to obtain: Ae mgl 

Yar" 
Substitute numerical values and AL = (4 kg)(9.81m/s? \(.2 m) 
evaluate AL: 2m x10"! N/m? (0.3x10~ m)° 


=| 0.833mm 


*57 
Picture the Problem The shear stress, defined as the ratio of the shearing force to the area 


over which it is applied, is related to the shear strain through the definition of the shear 
shear stress _ F,/A 


modulus; M, = - i 
shear strain tan0 

Using the definition of shear ind ray 
modulus, relate the angle of shear, 0 M,A 
to the shear force and shear modulus: 

; F 
Solve for 0: pag 

M.A 


Substitute numerical values and 4 25N 


0 = tan = 5 SS 
evaluate 0: (1.9x10 N/m 5x10 m ) 
- 


58 eo 

Picture the Problem The stretch in the wire AL is related to Young’s modulus 

by Y =(F/A)/(AL/L), where L is the unstretched length of the wire, F is the force acting 
on it, and A is its cross-sectional area. For a composite wire, the length under stress is the 
unstressed length plus the sum of the elongations of the components of the wire. 


Express the length of the composite wire L =3.00m + AL (1) 
when it is supporting a mass of 
5 kg: 
Express the change in length of the AL = AL og, + AL) 
composite wire: er r FF Lig 
Ayo 21g 


ae Lege Fa 
AY, 


steel 
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Find the stress in each wire: PF (5 kg)(9.81m/s?) 
A x(0.5x10°m) 
= 6.245x10’ N/m? 


Substitute numerical values and evaluate AL: 


AL = (6.245x10" Nim?)| —™ _, _*°™ ___)-1.81x10°m 
2x10" Nim? 0.7x10" N/m 
Substitute in equation (1) and evaluate L: L =3.00m+1.81x10° m 


=| 3.0018m 
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Picture the Problem We can use Hooke’s law and Young’s modulus to show that, if the 
wire is considered to be a spring, the force constant k is given by 

k = AY/L. By treating the wire as a spring we can show the energy stored in the wire is U = 
"FAL. 


Express the relationship between the F=kAL 
stretching force, the stiffness or 
constant, and the elongation of a ee aa 
spring: AL 
Using the definition of Young’s ca _ AY (1) 
modulus, express the ratio of the AL OL 
stretching force to the elongation of 
the wire: 
Equate these two expressions for pe AY 
F/AL to obtain: aie 
Treating the wire as a spring, 2 AY 2 
. ie U = $k(AL)* =4——(AL) 
express its stored energy: L 
Solve equation (1) for F: = AYAL 
L 


Substitute in our expression for U to obtain: ee AL =| 4 FAL 
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Picture the Problem Let L’ represent the stretched and L the unstretched length of the wire. 
The stretch in the wire AL is related to Young’s modulus by Y = (F/A)/(AL/L), where F is 
the force acting on it, and A is its cross-sectional area. In problem 58 we showed that the 
energy stored in the wire is U = “4.F AL, where Y is Young’s modulus and AL is the amount 
the wire has stretched. 


(a) Express the stretched length of the L'=L+AL 
wire: 
Using the definition of Young’s = ig 
modulus, express AL: AY 
Substitute and simplify: re LF ce a 
AY AY 
Solve for L: L= a 
1+ — 
AY 
Substitute numerical values and a 0.35m 
evaluate L: a: 53N 


x(0.1x10°m)’ (2x10" N/m?) 


=| 0.347m 


(b) Using the expression from W =AU =3FAL 

Problem 59, express the work done = 1(53 N)(0.35m — 0.347 m) 
in stretching the wire: 2 

*G1 ee 

Picture the Problem The table to theright | Load| F AL AL/F 
summarizes the ratios AL/F for the (g) (N) (m) (m/N 
student’s data. Note that this ratio is 100 | 0.981 | 0.006 | 6.12x10° 
constant, to three significant figures, for 200 | 1.962 | 0.012 | 6.12x10° 
loads less than or equal to 200 g. We can 300 | 2.943 | 0.019 | 6.46x102 
use this ratio to calculate Young’s modulus 400 | 3.924 | 0.028 | 7.14x107 
for the rubber strip. 500 | 4.905 | 0.05 | 10.2x10° 


(a) Referring to the table, we see 
that for loads < 200 g: 


Use the definition of Young’s 
modulus to express Y: 


Substitute numerical values and evaluate Y: 


5x10? m 
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= = 6.12x10° m/N 


_ FL OL 
AAL 4 AL 
F 


”= x0 ?m)(15x10m) (61210 m/N) 


(5) Interpolate to determine the 
stretch when the load is 150 g, and 
use the expression from Problem 58, 
to express the energy stored in the 
strip: 


62 ee 
Picture the Problem The figure shows 
the forces acting on the wire where it 
passes over the nail. m represents the mass 
of the mirror and 7 is the tension in the 
supporting wires. The figure also shows 
the geometry of the right triangle defined 
by the support wires and the top of the 
mirror frame. The distance a is fixed by 
the geometry while / and Z will change as 
the mirror is suspended from the nail. 


Express the distance between the 
nail and the top of the frame when 


the wire is under tension: 


Apply > F’, = Oto the wire where it 


passes over the supporting nail: 


Solve for the tension in the wire: 


=| 1.82x10° N/m? 


U =4FAL 
= 1(0.15kg)(9.81m/s?)(9 x10 m) 
=| 6.62mJ 


# 
#- 
Z ] a=0.75m 
h'=h+Ah 
(1) 
= 0.4m+ Ah 


mg —2T cos@ =0 


T=—8 
2cos@ 
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Substitute numerical values and Te (2.4kg) 9.81m/s* _250N 
evaluate 7: 7 0.4m 
0.85 =| 
Using its definition, find the stress i 25.0N 
stress = — = 5 
in the wire: A n(0.1x10° m) 
= 7.96 x10° N/m* 
Using the definition of Young’s et = AL _ stress 
modulus, find the strain in the L Y 
hypotenuse of the right triangle 7 10° N/m? 
yp . 8 8 _ 96x10° N/m ~ 398x102 
shown in the figure: 2x10" N/m? 
Using the Pythagorean theorem, ath =L 
express the relationship between the 
sides of the right triangle in the 
figure: 
Express the differential of this 2aAa + 2hAh = 2LAL 
equation: or, because Aa = 0, 
hAh = LAL 

Solve for and evaluate Ah: Ah= LAL _ i? AL 

h h L 
Substitute numerical values and 85m)’ 

an = 085m)" 6 98:109)=7.19 mm 
evaluate Ah: 0.4m 
Substitute in equation (1) to obtain: h'=0.4m+7.19mm 
=| 40.72cm 


63. ee 
Picture the Problem Let the numeral 1 denote the aluminum wire and the numeral 2 the 
steel wire. Because their initial lengths and amount they stretch are the same, we can use 
the definition of Young’s modulus to express the change in the lengths of each wire and 
then equate these expressions to obtain an equation solvable for the ratio M@1/Mp. 


Using the definition of Young’s AL M,gl, 


modulus, express the change in 7 a 


length of the aluminum wire: 


Using the definition of Young’s 
modulus, express the change in 
length of the steel wire: 


Because the two wires stretch by the 
same amount, equate AL, and AL» 
and simplify: 


Solve for the ratio 4,/M3: 


Substitute numerical values and 
evaluate 4,/M3: 
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Picture the Problem The free-body 
diagram shows the forces acting on the ball 
as it rotates around the post in a horizontal 
plane. We can apply Newton’s 2™ law to 
find the tension in the wire and use the 
definition of Young’s modulus to find the 
amount by which the aluminum wire 
stretches. 


Express the length of the wire under 
tension to its unstretched length: 


Apply >) F,, = Oto the ball: 


Solve for the tension in the wire: 
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AL, = M,gL, 
ALY soet 
M, _ M, 
AY, A,Y vtocl 
My, Al 
M, ALY sect 
1 2 1 2 
—{0.7mm) \0.7x10° N/m 
uy, Zl07 my | 
M, 


“ (0.5mm) (2x10" N/m?) 


(0.7mm)'(0.7x10" Nim?) 
(0.5mm) (2x10" N/m? 


=| 0.686 


at) 


me 


L=L,+AL=0.7m+AL (1) 


T sin@ —mg =0 


_ mg 
sind 
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Substitute numerical values and ee (0.5 kg)(0.81mis*) Sree 

evaluate T: sin5° 

Using the definition of Young’s ae Fi 

modulus, express AL: AY 

Substitute numerical values and Aes (56.3N)(0.7m) 

eer: 7 (.6x10° m) (0.7x10" N/m?) 
= 0.280 mm 

Substitute in equation (1) to obtain: L=0.7m+0.280mm =|! 70.03cm 
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Picture the Problem We can use the definition of stress to calculate the failing stress of 
the cable and the stress on the elevator cable. Note that the failing stress of the composite 
cable is the same as the failing stress of the test sample. 
Express the stress on the elevator cable: F 20kN 
Stress wie =— = os 
A 1.2x10°m 


= 1.67 x10" N/m? 


Express the failing stress of the sample: F 1kN 
SUeSS siting = — = se 
A 0.2x10°m 


= 0.50010" N/m? 


Because Stress j,ijing < StPeSS_.p1¢, it will not support the elevator. 


cable? 


*GG eve 
Picture the Problem Let the length of the sides of the rectangle be x, y and z. Then the 
volume of the rectangle will be V = xyz and we can express the new volume V’’ resulting 
from the pulling in the x direction and the change in volume AV in terms of Ax, Ay, and 
Az. Discarding the higher order terms in AV and dividing our equation by V and using the 
given condition that Ay/y = Az/z will lead us to the given expression for Ay/y. 


Express the new volume of the rectangular box when its sides change in length by Ax, Ay, 
and Az: 


Vl= (x + Ax\y + Ay\(z + Az) = xyz + Ax(yz)+ Ay(xz)+ Az(xy) 
+ {zAxAy + yAxAz + xAyAz + AxAyAz} 


where the terms in brackets are very small (i.e., second order or higher). 
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Discard the second order and higher V=V+ Ax(yz ) +Ay (xz ) + Az (xy ) 
terms to obtain: or 
AP Sl=l = Ax(yz)+ Ay(xz)+ Az(xy) 


Because AV = 0: Ax(yz) = —[Ay(xz)+ Az(xy)] 
Divide both sides of this equation by Ax _ | Ay : Az 

V = xyz to obtain: x y 2 

Because Ay/y = Az/z, our equation Ax _ 9 Ay es Ay_| 1A 
becomes: x y y 2x 
67 eo 


Picture the Problem We can evaluate the differential of the volume of the wire and, 
using the assumptions that the volume of the wire does not change under stretching and 
that the change in its length is small compared to its length, show that Ar/r = —(1/2) AL/L. 


Express the volume of the wire: VenrrL 

Evaluate the differential of V to dV =nr2dL+2xrLdr 

obtain: 

Because dV = 0: 1 dL 
r 


Because AL << L, we can Ar 
approximate the differential changes = 
dr and dL with small changes Ar 
and AL to obtain: 


*GB eee 
Picture the Problem Because the volume of the thread remains constant during the 
stretching process, we can equate the initial and final volumes to express 7p in terms of r. 
We can also use Young’s modulus to express the tension needed to break the thread in 
terms of Y and ro. 


(a) Express the conservation of rreeLaareLl 
‘ : 0 “~0 

volume during the stretching of the 

spider’s silk: 


Solve for r: Ly 
r= 04 os 
Substitute for Z to obtain: rc 
r=r 0 =| 0.3167 
a\ 10L, 
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(6) Express Young’s modulus in T/A T/rr° 107 /x re 
terms of the breaking tension T: 1L IL 7L 


Solve for T to obtain: 1 AL 
T =—a7rY— 
10 L 
Because AL/L = 9: _ Or rey 
10 


General Problems 


69 
Picture the Problem Because the board is in equilibrium, we can apply the conditions for 
translational and rotational equilibrium to determine the forces exerted by the supports. 


Apply > T, = 0 about the right support: (2 m)(360 N) fe (5 m)(90 N) = (10 m)F, =0 


Solve for and evaluate F{: Rx (2 m)(360 N)+ (5 m)(90 N) 
: 10m 
=|117N 
Apply >! F, = Oto the board: F, + F, -90N-360N =0 
Solve for and evaluate Fr: Ff, =—-F,,+90N+360N 
=—-117N+90N+360N 
=| 333N 


Remarks: We could just as easily found Fx by applying » T = 0 about the left 


support. 
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Picture the Problem Because the man-and-board system is in equilibrium, we can apply 
the conditions for translational and rotational equilibrium to determine the forces exerted 
by the supports. Let d represent the distance from the man’s feet to his center of gravity. 


Apply }\7 =O about an axis (845 N)d —(1.88m)(445N)=0 


through the man’s feet and 
perpendicular to the page: 
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Solve for and evaluate d: d= (1.88m)(445 N) = 0.990m 


845N 
99.0cm 


961 


his center of mass and so the scale readings would not change. 


No. Holding his head slightly above the board would not change the location of 
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Picture the Problem We can apply the balance condition Ma = 0 successively, starting 


with the lowest part of the mobile, to find the value of each of the unknown weights. 


Apply Ft = 0 about an axis (3 cm)(2 N)- (4 cm), =0 


through the point of suspension of 
the lowest part of the mobile: 


, 2N 
Solve for and evaluate w: = (3 cm)( ) _TLS50N 
4cm 

Apply >. = Oabout an axis (2cm)w, —(4cm)(2N +1.5N)=0 
through the point of suspension of 
the middle part of the mobile: 
Solve for and evaluate wy: _ (4 cm)(2 N +1.5N) -~| 7.00N 

2 SS ee SO . 

2cm 
Apply >, t = O about an axis (2 cm)(10.5 N)- (6 cm)w, =0 
through the point of suspension of 
the top part of the mobile: 
Solve for and evaluate w3: (2 cm)(10.5 N ) 
w, =~ —_ = 3.50N 
ga | 


72 ° 


Picture the Problem We can determine the ratio of L to A by noting the number of ropes 


supporting the load whose mass is M. 


(a) Noting that three ropes support Te 3 
h 


the pulley to which the object whose 
mass is M is fastened we can 
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conclude that: 


(0) Apply the work-energy principle W x = AEE = AU yock-tackle 
to the block-tackle object to obtain: or 

FL = Meh 
73 oo 


Picture the Problem The figure shows the 
equilateral triangle without the mass m, and 
then the same triangle with the mass m and 
rotated through an angle @. Let the side 
length of the triangle to be 2a. Then the 
center of mass of the triangle is at a 


2 
distance of = from each vertex. As the 


triangle rotates, its center of mass shifts 


2 
by = 
a 
which m is attached moves toward the 
plumb line by the distance d = 2a@cos30° 


= J3a0 (see the drawing). 


0, for 6 << 1. Also, the vertex to 


Apply ys = 0 about an axis through mela _ 3a0)- Mg 24 _0 
the point of suspension: V3 
Solve for m/M: m _ 20 

M 3(\-39) 
Substitute numerical values and 9 (6°) mrad 
evaluate m/M: 180° 


Static Equilibrium and Elasticity 963 


74 

Picture the Problem If the hexagon is to 
roll rather than slide, the incline’s angle 
must be such that the center of mass falls 
just beyond the support base. From the 
geometry of the hexagon, one can see that 
the critical angle is 30°. The free-body 
diagram shows the forces acting on the 
hexagonal pencil when it is on the verge of 
sliding. We can use Newton’s 2™ law to 


relate the coefficient of static friction to the 


mg 


angle of the incline for which rolling rather 
than sliding occurs. 


Apply YF = Oto the pencil: bee =mgsinO— f, a =O (1) 


and 
> F, = F,-mgcosé =0 (2) 


Substitute (max = Us/n in equation (1): mg sin@—- uF =0 (3) 


Divide equation (3) by equation (2) tan 0 = yu, 
to obtain: 


Thus, if the pencil is to roll rather uM, = tan 30° =| 0.577 


than slide when the pad is inclined: 


75 oo 
Picture the Problem The box and the 
forces acting on it are shown in the figure. 


When the box is about to tip, F, acts at its 
edge, as indicated in the drawing. We can 
use the definition of 4“, and apply the 


mg 


condition for rotational equilibrium in an ‘ 


accelerated frame to relate f; to the weight Fr 


of the box and, hence, to the normal force. 


Using its definition, express y,: 
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Apply Df = 0 about an axis through wf, -;wF, =0 


the box’s center of mass: 


1 
Solve for the ratio A : I =— 

n FF 2 
Substitute to obtain the condition for H, 20.500 
tipping: 
Therefore, if the box is to slide: HM, <| 0.500 
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Picture the Problem Because the balance is in equilibrium, we can use the condition for 
rotational equilibrium to relate the masses of the blocks to the lever arms of the balance 
in the two configurations described in the problem statement. 


Apply vz =0 about an axis (1.5kg)L, = (1.95 kg)L, 


through the fulcrum: 


Solve for the ratio L,/L»: L, = 1.95kg ~1.30 
L, 1.5kg 
Apply DF = 0 about an axis (1.5kg)L, = ML, 
through the fulcrum with 1.5 kg at 
Lo: 
Solve for and evaluate M: ee (1.5kg)L, _idkg _ 1.5kg 
L, L/L; 1.30 


*77 ee 
Picture the Problem The figure shows the 
location of the cube’s center of mass and 
the forces acting on the cube. The opposing 
couple is formed by the friction force fmax 
and the force exerted by the wall. Because 
the cube is in equilibrium, we can use the 
condition for translational equilibrium to 
establish that f, 4... = Pyand F, = Mg 
and the condition for rotational equilibrium 
to relate the opposing couples. 


Apply > F = 0 to the cube: 


Noting that re and Fy form a 


couple, as do F and Mg, apply 
~e = 0 about an axis though the 


center of mass of the cube: 


Referring to the diagram to the 
right, note 


thatd =—“sin(45°+ 6). 


2 


Substitute for d and fo max to obtain: 


Solve for us and simplify to obtain: 
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i 
A 


a 
Fw 


asiné 


>, = F,-Mg =0=> F, = Mg 
and 
> F=f -Fy =0> Fy, =f 


Fomaxd Sin O— Mgd = 0 


u,Mgasin @- Mg —sin(45° + 0) =0 


or 


Ll, sin@——t-sin(45° +0)=0 


V2 
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sin(45° + 6) = sin 45° cos6 + cos 45°sin 0) 


1 1 
Ps sind ene 
1 


1 1 1 
= —=—_| —cos9+—=sin@ | =| —(cot@+1 
a+ al | 
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Picture the Problem Because the meter stick is in equilibrium, we can apply the condition 
for rotational equilibrium to find the maximum distance from the hinge at which the block 
can be suspended. 


Apply >. t =0 about an axis through the hinge to obtain: 
(1m)(75N)-(0.5m)(5kg)(9.81m/s? )cos 45°— d(10 kg)(9.81 m/s” )cos 45° = 0 


Solve for and evaluate d: 


(im)(75N)-(0.5m)(5kg)(9.81m/s") 
= 45° =| 0.831 
: (l0kg)(9.8im/s*)cos45° si 
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Picture the Problem Let m represent the 
mass of the ladder and / the mass of the 
person. The force diagram shows the forces 
acting on the ladder for part (5). From the 
condition for translational equilibrium, we 
can conclude that 7 = Fw, a result we’ll 
need in part (6). Because the ladder is also 
in rotational equilibrium, summing the 


torques about the bottom of the ladder will 
eliminate both F,, and T. 


(a) Apply 5°, =0 about an axis (5m)F,, —(0.75m)(20kg)(9.81m/s’ ) 
through the bottom of the ladder: —(0.75m)(80kg)(9.81m/s”) = 0 
Solve for and evaluate Fw: r= (0.75m)(20 kg)(9.81m/s?) 
. 5m 
__ (0.75m)(80kg)(9.81m/s") 
5m 


=|147N 


Static Equilibrium and Elasticity 967 
(6) Solve for and evaluate /: 


(5m)(200N)-(0.75m)(20kg)(9.81m/s”) 


=0.724 
(1.5m)(80kg)(9.81m/s’) 


f= 


Find the distance the 80-kg person can ¢=7 (5 m) = (0.724\(5 m) = 


climb the ladder: 


*80 ee 

Picture the Problem To "Troll” the cube 
one must raise its center of mass from y = 
al2 toy = J2a/2 , where a is the cube 


length. During this process the work done 


is the change in the gravitational potential 
energy of the cube. No additional work is 
done on the cube as it "flops” down. We 
can also use the definition of work to 


express the work done in sliding the cube a 


distance a along a horizontal surface and 
then equate the two expressions to 
determine /,. 


Express the work done in moving Ja a mga 
the cube a distance a by raising its W=mg > 2) 2 (V2 -1) 
center of mass from y = a/2 
ee = 0.207mga 
toy= J2a / 2 and then letting the 
cube flop down: 
Letting f, represent the kinetic W = f.a= mga 


friction force, express the work done 
in dragging the cube a distance a 
along the surface at constant speed: 


Equate these two expressions to obtain: =| 0207 
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81 we 

Picture the Problem The free-body 
diagram shows the forces acting on the 
block when it is on the verge of sliding. 
Because the block is in equilibrium, we can 
use the conditions for translational 
equilibrium to determine the minimum 
angle for which the block will slide. The 
diagram to the right of the FBD shows that 
the condition for tipping is that the plumb 
line from the center of mass pass outside of 
the base. We can determine the tipping 
angle from the geometry of the block under 
this condition. 


Apply YF = 0 to the block: 


Substitute for f¢max and eliminate F,, 
between these equations to obtain: 


Solve for the condition for sliding: 


Using the geometry of the block, 
express the condition on @that must 
be satisfied if the block is to tip: 


SE, = mg sin Asiaing ~ Tage 2 0 
if the block is to slide, and 
> F, =F - Mg 008 Oayiing = 0 


S. 


HL, < tan Osiaing 


Asiaing 2 tan'(w, ) = tan '(0.4) = 21.8° 


Because G0 Cis 


the block will tip before it slides. 


82 we 
Picture the Problem Let m represent the 
mass of the bar, / the mass of the 
suspended object, F, the vertical component 
of the force the wall exerts on the bar, F;, the 
horizontal component of the force exerted 
the wall exerts on the bar, and 7 the tension 
in the cable. The free-body diagrams show 
these forces and their points of application 
on the bar for parts (a) and (5) of the 
problem. Because the bar is in equilibrium, 
we can apply the conditions for translational 
and rotational equilibrium to relate the 
various forces and distances. 


(a) Apply tT, =0 about an axis 
through the hinge: 


Solve for T: 


Substitute numerical values and 
evaluate 7: 


Apply VF = 0 to the bar: 


Solve the y equation for Fy: 


Solve the x equation for Fy: 
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(a) 


(b) 


(5m)T —(7.5m)mg cos30° 
— (15m) Mg cos 30° = 0 


T — 
5m 
ee (7.5m)(85kg )+ (15m)(360kg) 
5m 
x (9.81m/s? )cos30° 


=| 10.3kN 


> F, =F, +Tsin60°—mg—Mg = 0 
and 
> F, =F, -Tcos60° =0 


F. =-Tsin60°+(m+M )g 
= ~(10.3kN)sin 60° 
+ (85kg+360kg)(9.81m/s") 
= —4.55kN 


F, =T cos60° = (10.3kN)cos 60° 
=5.15kN 
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Find the magnitude of the force 
exerted by the wall on the bar: 


Find the direction of the force 
exerted by the wall on the bar: 


(b) Apply a =0 about the hinge: 


Solve for 7: 


Substitute numerical values and 


evaluate 7: 


Apply iF = 0 to the bar: 


Solve the y equation for Fy: 


Solve the x equation for F}: 


Find the magnitude of the force 
exerted by the wall on the bar: 


F=JF?+F 


= (—4.55kN)° +(5.15kN) 


-[ a7] 


4(E, _,(-4.55kN 

0 = tan — |= tan a 
F, 5.15kN 

=| —41.5° 


i.e., 41.5° below the horizontal. 


[(10m)sin 60°|7 — (7.5m)mg cos 30° 
— (15m) Mg cos30° = 0 
(7.5m)m+(15m)M 


T= 30° 
(10m)sin 60° oe 


(7.5m)(85kg)+ (15m)(360kg) 
(10m)sin 60° 
x (9.81m/s? )cos 30° 


- [S20] 


> F, =F, +T cos60° -(85kg)g 
—(360kg)g =0 


and 
> F, =F, -Tsin60° = 0 


F. =-(5.92kN)cos60° 
+ (85kg +360kg)(9.81m/s’) 
=1.41kN 


F, =Tsin60° = (5.92kN)sin 60° 
=5.13kN 


F=JF?+F? 


= /(.41kNy + (5.13kN)? 


~ [532] 
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Find the direction of the force { FF ) i 1.41kN 
#=tan | —~ |=tan 


exerted by the wall on the bar: 5.13 kN 
. 


i.e., 15.4° above the horizontal. 


h 


83. ee 
Picture the Problem The box and the 
forces acting on it are shown in the figure. 
When the box is about to tip, /, acts at its 
edge, as indicated in the drawing. We can 
use the definition of “, and apply the 
condition for rotational equilibrium in an 
accelerated frame to relate f; to the weight 
of the box and, hence, to the normal force. 


Using its definition, express y;: re a. 
Apply ye = 0 about an axis wf, -;wF, =0 
through the box’s center of mass: 

1 
Solve for the ratio i. A = . 
Substitute to obtain the condition for HM, 2 0.500 


tipping: 
Therefore, if the box is to slide: HM, <| 0.500 |, as in Problem 75. 


Remarks: The difference between problems 75 and 83 is that in 75 the maximum 
acceleration before slipping is 0.5g, whereas in 88 it is 
(0.5 cos9°— sin9°) = 0.337¢. 


*84 ee 

Picture the Problem Let the mass of the rod be represented by M. Because the rod is in 
equilibrium, we can apply the condition for rotational equilibrium to relate the masses of 
the objects placed on it to its mass. 
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Apply > t =0 about an axis (20cm)(2m+2g)—(40cm)m 
through the pivot for the initial = (10cm)M =D 
condition: 
Solve for and evaluate M: M- (20cm)(2m + 2g)—(40cm)m 
10cm 

=| 4.00g 
Apply x = 0 about an axis (20 cm)m = (10 cm)M =0 
through the pivot for the second 
condition: 
Solve for and evaluate m: _— (LOcm)M =1M =| 2.00g 

20cm 

#85 ee 


Picture the Problem Let the distance from the center of the meterstick of either finger be 
x, and x» and W the weight of the stick. Because the meterstick is in equilibrium, we can 
apply the condition for rotational equilibrium to obtain expressions for the forces one’s 
fingers exert on the meterstick as functions of the distances x; and x2 and the weight of the 
meterstick W. We can then explain the stop-and-start motion of one’s fingers as they are 
brought closer together by considering the magnitudes of these forces in relationship the 
coefficients of static and kinetic friction. 


F, 


= 


| The stick remains balanced as long as the center of mass is between the | 
two fingers. For a balanced stick the normal force exerted by the finger 
nearest the center of mass is greater than that exerted by the other 

@) finger. Consequently, a larger static - frictional force can be exerted by 
the finger closer to the center of mass, which means the slipping occurs 


at the other finger. 


(b) Apply > t =O about an axis through 


point 1 to obtain: 


Solve for F>to obtain: 


Apply ya = 0 about an axis 


through point 2 to obtain: 


Solve for F’, to obtain: 
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F,(x, +x, )—Wx, =0 


Xy 


F,=W 
X, +X, 


— F(x, +x, )+Wx, =0 


F=W— 


X, + Xy 


The finger farthest from the center of mass will slide inward until the normal 
force it exerts on the stick is sufficiently large to produce a kinetic - frictional 
force exceeding the maximum static - frictional force exerted by the other 
finger. At that point the finger that was not sliding begins to slide, the finger 
that was sliding stops sliding, and the process is reversed. When one finger is 


is slipping the other is not. 


86 ee 
Picture the Problem The drawing shows a 
side view of the wall-and-picture system. 
Because the frame’s width is not specified, 
we assume it to be negligible. Note that 
0.75, 0.4, and 0.85 form a Pythagorean 
triad. Thus, the nail will be at the same 
level as the top of the frame. We can apply 
the condition for rotational equilibrium to 
determine the force exerted by the wall. 


(1.2 m)cos £ 


(a) Because the center of gravity of the picture is in front of the wall, the torque due to mg 


about the nail must be balanced by an opposing torque due to the force of the wall on the 
picture, acting horizontally. So that > fF’. =0, the tension in the wire must have a 


horizontal component, and the picture must therefore tilt forward. 


(b) Apply Sr = 0 about an axis 


through the nail and parallel to the 


—|(0.6m)sin5°|(8kg)(9.81 m/s?) 
+[(1.2m)cos5°|F,, =0 
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wall to obtain: 


Solve for and evaluate Fy: 


87 ee 
Picture the Problem The box car and rail 
are shown in the drawing. At the critical 
speed, the normal force is entirely on the 
outside rail. The center of gravity is 0.775 
m from that rail and 2.15 m above it. 
Choose the coordinate system shown in the 
figure. To find the speed at which this 
situation prevails, we can apply the 
conditions for static equilibrium in an 
accelerated frame. 


Apply Dt = 0 about an axis 


through the center of gravity of the 
box car: 


Apply dF, = 0 to the box car and 


solve for F;: 


Apply YF, =ma.,,, to the box: 


Substitute in equation (1) to obtain: 


Solve for v: 


(a) Evaluate v for R = 150 m: 


( 
ee (1.2m)cos5° 


=| 3.43N 


mg 


(0.775m)F, —(2.15m)f, =0 


F -mg=0=> Fi =mg 


2 
Vv 
=m— 
7 > 


2 


0.775m)mg —(2.15m)m~— =0 
( )mg -( ) = 


v=./0.360Rg 


vy = 0.360(150m)(9.81m/s?) 


-[B0ms| 


0.6m)sin5°|(8kg)(9.81m/s?) 


(1) 


(6) Evaluate v for R = 240 m: 


88 we 
Picture the Problem For neutral 
equilibrium, the center of mass of the 
system must be at the same height as the 
feet of the tightrope walker. The system is 
shown in the drawing. Let the origin of the 
coordinate system be at the rope. We’ll 
determine the distance d such that y,, = 0. 
We’ll then determine the angle 0 
subtended by one half the long rod. 


Express the y coordinate of the 
center of mass of the system: 


Set Yom = 0 and solve for d: 


Relate the distances s and d and 
solve for s: 


Relate s to R and G@: 


Relate R and @to the half-length of 
the rod: 


Substitute in equation (1) to obtain: 


Use graphical or trial-and-error 
methods to solve for @: 


Substitute in equation (2) to obtain: 
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v = {0.360(240m)(9.81m/s") 


=| 29.1m/s 


20 kg 
R cos 05 R ° 


t 


_ (58kg)(0.9m)-2(20kg)d 
a 58kg + 40kg 


d=1.305m 


s=0.65m+d=1.955m 


s = R(1—cos6) (1) 


RO=4m (2) 


1.955m =(4m 


or 
1-—cos@ 


0 


= 0.489 


0 =1.08 rad 


4m 


R= =| 3.70m 
1.08 rad 
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*89 = eee 


Picture the Problem Let the mass of each brick be m and number them as shown in the 


diagrams for 3 bricks and 4 bricks below. Let ¢ denote the maximum offset of the mth 


brick. Choose the coordinate system shown and apply the condition for rotational 


equilibrium about an axis parallel to the z axis and passing through the point P at the 


supporting edge of the nth brick. 


(a) Apply ie = 0 about an axis 


through P and parallel to the z axis to 
bricks 1 and 2 for the 3-brick 
arrangement shown above on the left: 


Solve for # to obtain: 


(b) Apply yt = 0 about an axis 
through P and parallel to the z axis 
to bricks 1 and 2 for the 4-brick 
arrangement shown above on the 
right: 


Solve for @ to obtain: 


Continuing in this manner we 
obtain, as the successive offsets, the 
sequence: 


(c) Express the offset of the (m +1)st 
brick in terms of the offset of the nth 
brick: 


mg|L—(4L + ¢)|—mgé =0 


mg[L—-(:L+0)]+mg|L-GL+)] 
—~mg(2L+¢-L)=0 


Ca21 
LLiig £ 
2°4°6' 8 2n 


where n = 1, 2,3, ... N. 


L 
Eis =f), a 
2n 


A spreadsheet program to calculate the sum of the offsets as a function of n is shown 
below. The formulas used to calculate the quantities in the columns are as follows: 
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Cell | Formula/Content | Algebraic Form 
BS B4+1 n+1 
CS | C4+$B$1/(2*B5) tL 
ie es 
2n 
A B C 
1 L=/1 m 
2 
3 n offset 
4 1 0.500 
) 2 0.750 
6 3 0.917 
i 4 1.042 
8 5 1.142 
9 6 1.225 
10 7 1.296 
11 8 1.359 
Ps 9 1.414 
13 10 1.464 
98 95 2.568 
99 96 2.573 
100 97 2.579 
101 98 2.584 
102 99 2.589 
103 100 2.594 


From the table we see that @; = | 1.142m, | ¢;) = | 1.464m, | and 
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(d) Increasing N in the spreadsheet solution suggests that the sum of the individual offsets 


continues to grow as N increases without bound. The series is, in fact, divergent and the 
stack of bricks has no maximum offset or length. 
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Offset as a function of n 


Offset 
= 
ol 


40 60 80 100 


90 eco 


Picture the Problem The four forces 
acting on the sphere: its weight, mg; the 
normal force of the plane, F’,,; the frictional 
force, f, acting parallel to the plane; and the 


tension in the string, 7, are shown 


figure. Choose the coordinate system 


shown. Because the sphere is in 


equilibrium, we can apply the conditions 
for translational and rotational equilibrium 


to find f| F,, and 7. 


(a) Apply au = 0 about an axis 


through the center of the sphere: 


Apply dF = Oto the sphere: 


Substitute for fand solve for T: 


Substitute numerical values and 
evaluate 7: 


(b) Apply DF , = Oto the sphere: 


in the 


fR-TR=0=>T=f 


f +Tcos@-Mgsin@=0 


Te Mg sin@ 
1+cosé 
ram kg)(9.81m/s?)sin 30° 
1+cos30° 


F, —Tsin@—-Mgcos@=0 


- [FBR] 
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Solve for F;,: F =Tsin@+Mgcosé 

Substitute numerical values and F, =(7.89N)sin30° 

evaluate Fy: + (3kg)(9.81m/s? )cos 30° 
=| 29.4N 

(c) In part (a) we showed that f= T: f =| 7.89N 

91 ase 


Picture the Problem Let Z be the length of 
each leg of the tripod. Applying the 
Pythagorean theorem leads us to conclude 
that the distance a shown in the figure is 


fe and the distance b, the distance to the 


2 13 
centroid of the triangle ABC is 31 Pu , and 
_-L 
the distance c is =. These results allow 


V3 


L 
us to conclude that cos 80 = ae . Because 


the tripod is in equilibrium, we can apply 
the condition for translational equilibrium 
to find the compressional forces in each 
leg. 


Letting F‘- represent the compressional 3F.. cos0—mg =0 
force in a leg of the tripod, apply 
YF = Oto the apex of the tripod: 


Solve for Fc: ge mg 
3cos0 
Solve for Fc: 
: F,=—5-= ee 
3x — 3 


Substitute numerical values and V3 P 
ae F, =~(100 kg)(9.81m/s’)=| 566N 
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92. ee 
Picture the Problem The forces that act 
on the beam are its weight, mg; the force of 
the cylinder, F,, acting along the radius of 
the cylinder; the normal force of the 
ground, F,; and the friction force f¢ = usFp. 
The forces acting on the cylinder are its 
weight, /g; the force of the beam on the 
cylinder, F. = F. in magnitude, acting 
radially inward; the normal force of the 
ground on the cylinder, F’,,; and the force 
of friction, foc = Usclnc. Choose the 
coordinate system shown in the figure and 
apply the conditions for rotational and 
translational equilibrium. 


EXPreSSs {Us,beam-tloor in terms of f, and F;: 


EXpFess {Us,cylinder-floor in terms Of fc 
and F’,.: 


Apply Ya = 0 about an axis 
through the right end of the beam: 


Solve for and evaluate F:: 


Apply 2 F,, = 0 to the beam: 


Solve for F;: 


Apply >, F’. = Oto the beam: 


Hs beam-—floor = (1) 


oa [os 


(2) 


LL s,cylinder—floor = 


[a0 cm)cos 6|mg —(15cm)F. =0 


Fe= [(40cm)cos 6|mg 
° 15cm 


[10 cos30°|(5kg)(9.81m/s’) 
15 


= 28.3N 
F. + F.cos(90°— 0)— mg =0 


F. =mg-F.cos@ 
= (5kg)(9.81m/s*)- (28.3N)cos30° 
=24.5N 


— f, + F.cos(90°- @)=0 


Solve for and evaluate /:: 


F , is the reaction force to F ; 


Apply py F,, = Oto the cylinder: 


Solve for and evaluate F’,,: 


Apply 2 F’. = Oto the cylinder: 


Solve for and evaluate f,.: 


Substitute numerical values in 
equations (1) and (2) and evaluate 


Ls,beam-floor and Hs,cylinder-floor: 


93 eee 
Picture the Problem The geometry of the 
system is shown in the drawing. Let 
upward be the positive y direction and to 
the right be the positive x direction. Let the 
angle between the vertical center line and 


the line joining the two centers be@ Then 


R- = 
" andtan 0 = ims 


r JR(r-R) 
The force exerted by the bottom of the 
cylinder is just 2mg. Let F be the force that 


sin 0 = 


the top sphere exerts on the lower sphere. 
Because the spheres are in equilibrium, we 
can apply the condition for translational 
equilibrium. 


Apply > = 0 to the spheres: 
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f, = F.cos(90° - 8) = (28.3N)cos60° 
=14.2N 


PF, = F. = 28.3 N radially inward. 
F.—F,, cos0 — Mg =0 


F. = F,, cos0 + Mg 
= (28.3N)cos30° + (8kg)(9.81m/s’ ) 
=103N 


| oe cos(90° = 6) =0 


f.. = F,,c0s(90° — @) = (28.3N)cos60° 
=14.2N 


14.2N 
= =| 0.580 
Hs beam—floor 24.5 N 


and 


14.2N_ 


= —— =| 0.138 
Hs cylinder—floor 10 5 N 


FF. —mg-—mg =0 
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Solve for F;,: fi= 


Because the cylinder wall is smooth, Fa| 7s 
Fcos0= mg, and: ~ | cos 
Express the x component of F: F. = Fsin@ =mg tan@ 
Express the force that the wall of the R-r 
; Fy =| mg 
cylinder exerts: R(2 pS R) 


Remarks: Note that as r approaches R/2, F,,—00. 


*Q4 cee 
Picture the Problem Consider a small rotational displacement, 60 of the cube from 
equilibrium. This shifts the point of contact between cube and cylinder by R6@ where R = 
d/2. As a result of that motion, the cube itself is rotated through the same angle 0@ and so 
its center is shifted in the same direction by the amount (a/2) 68, neglecting higher order 


terms in 00. 


50 
R 


: —— 


If the displacement of the cube’s center of mass is less than that of the point of contact, the 
torque about the point of contact is a restoring torque, and the cube will return to its 
equilibrium position. If, on the other hand, (a/2) 60 > (d/2) 6@, then the torque about the 
point of contact due to mg is in the direction of 6@ and will cause the displacement from 
equilibrium to increase. We see that the minimum value of d/a for stable equilibrium is 
dia = 1. 


Chapter 13 
Fluids 


Conceptual Problems 


1 e 

Determine the Concept The absolute pressure is related to the gauge pressure according 
to P = Pyauge + Pat. While doubling the gauge pressure will increase the absolute pressure, 
we do not have enough information to say what the resulting absolute pressure will be. 


(e)is correct. 


*? e 
y 

Determine the Concept No. In an environment where g., = F, —m— =0, there is no 
r 


buoyant force; there is no “up” or "down." 


3 ee 
Determine the Concept As you lower the rock into the water, the upward force you 
exert on the rock plus the upward buoyant force on the rock balance its weight. When the 
thread breaks, there will be an additional downward force on the scale equal to the 
buoyant force on the rock (the water exerts the upward buoyant force on the rock and the 
reaction force is the force the rock exerts on the water ... and hence on the scale). Let p 
represent the density of the water, V the volume of the rock, and w; the weight of the 
displaced water. Then the density of the rock is 3. We can use Archimedes’ principle to 
find the additional force on the scale. 


Apply Archimedes’ principle to the rock: B=w, =M,-g8 = P;V;2Z 


Because V¢= Viock: B= ps = gk =43Mg 
Prock 3p 


and | (d) is correct. 


4 oo 

Determine the Concept The density of water increases with depth and the buoyant force 
on the rock equals the weight of the displaced water. Because the weight of the displaced 
water depends on the density of the water, it follows that the buoyant force on the rock 


increases as it sinks. | (b) is correct. 


5 eo 
Determine the Concept Nothing. The fish is in neutral buoyancy (that is, its density 


equals that water), so the upward acceleration of the fish is balanced by the downward 
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acceleration of the displaced water. 


a) 
Determine the Concept Yes. Because the volumes of the two objects are equal, the 
downward force on each side is reduced by the same amount when they are submerged, 
not in proportion to their masses. That is, if m,L, = mL and L, # Lp, then (m, —c)L, # 
(mz — c)L. 


7 ee 
Determine the Concept The buoyant forces acting on these submerged objects are equal 
to the weight of the water each displaces. The weight of the displaced water, in turn, is 
directly proportional to the volume of the submerged object. Because Ppp > cu, the 
volume of the copper must be greater than that of the lead and, hence, the buoyant force 


on the copper is greater than that on the lead. | (b) is correct. 


8 eo 
Determine the Concept The buoyant forces acting on these submerged objects are equal 


to the weight of the water each displaces. The weight of the displaced water, in turn, is 
directly proportional to the volume of the submerged object. Because their volumes are 


the same, the buoyant forces on them must be the same. | (c) is correct. | 


9 e 
Determine the Concept It blows over the ball, reducing the pressure above the ball to 
below atmospheric pressure. 


10 = 

Determine the Concept From the equation of continuity (/y = Av = constant), we can 
conclude that, as the pipe narrows, the velocity of the fluid must increase. Using 
Bernoulli’s equation for constant elevation (P + + pv = constant ), we can conclude 


that as the velocity of the fluid increases, the pressure must decrease. | () is correct. 


*11 © 
Determine the Concept False. The buoyant force on a submerged object depends on the 
weight of the displaced fluid which, in turn, depends on the volume of the displaced fluid. 


12 

Determine the Concept When the bottle is squeezed, the force is transmitted equally 
through the fluid, leading to a pressure increase on the air bubble in the diver. The air 
bubble shrinks, and the loss in buoyancy is enough to sink the diver. 
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13. 

Determine the Concept The buoyant force acting on the ice cubes equals the weight of 
the water they displace, 1.e., B = w, = 9,V,;g. When the ice melts the volume of water 

displaced by the ice cubes will occupy the space previously occupied by the submerged 

part of the ice cubes. Therefore, the water level remains constant. 


14 - 
Determine the Concept The density of salt water is greater than that of fresh water and 
so the buoyant force exerted on one in salt water is greater than in fresh water. 


15 ee 

Determine the Concept Because the pressure increases with depth, the object will be 
compressed and its density will increase. Its volume will decrease. Thus, it will sink to 
the bottom. 


16 oo 
Determine the Concept The force acting on the fluid is the difference in pressure 
between the wide and narrow parts times the area of the narrow part. 


17. 
Determine the Concept The drawing 
shows the beaker and a strip within the 
water. As is readily established by a simple 
demonstration, the surface of the water is 
not level while the beaker is accelerated, 
showing that there is a pressure gradient. 


That pressure gradient results in a net force 
on the small element shown in the figure. 


*18 oe 
Determine the Concept The water level in the pond will drop slightly. When the anchor 
is in the boat, the boat displaces enough water so that the buoyant force on it equals the 
sum of the weight of the boat, your weight, and the weight of the anchor. When you put 
the anchor overboard, it will displace its volume and the volume of water displaced by 
the boat will decrease. 


19 ee 
Determine the Concept From Bernoulli's principle, the opening above which the air 
flows faster will be at a lower pressure than the other one, which will cause a circulation 
of air in the tunnel from opening 1 toward opening 2. It has been shown that enough air 
will circulate inside the tunnel even with the slightest breeze outside. 
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*20 ° 
Determine the Concept The diagram that follows shows the forces exerted by the 
pressure of the liquid on the two cups to the left. 


AoE Ae 


Because the force is normal to the surface of the cup, there is a larger downward 
component to the net force on the cup on the left. Similarly, there will be less total force 
exerted by the fluid in the cup on the far right in the diagram in the problem statement. 


Density 


21 
Picture the Problem The mass of the cylinder is the product of its density and volume. 
The density of copper can be found in Figure 13-1. 


Using the definition of density, m= pV = pla R°h) 
express the mass of the cylinder: 


Substitute numerical values and m= x(8.93 x 10° kg/m? (2 x10~ m)" 


evaluate m: ” (6 107 m) 


=| 0.673kg 


22 
Picture the Problem The mass of the sphere is the product of its density and volume. 
The density of lead can be found in Figure 13-1. 


Using the definition of density, m= pV = pltzR’) 
express the mass of the sphere: 


Substitute numerical values and m=4 Pall 1.3x10° kg/m?* (2 x107 m) 


evaluate m: = 
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23. ° 
Picture the Problem The mass of the air in the room is the product of its density and 
volume. The density of air can be found in Figure 13-1. 


Using the definition of density, m= pV = pLWH 
express the mass of the air: 


Substitute numerical values and m= (1 .293kg/m°* \(4 m)(5m)(4m) 
evaluate m: a 
*24 


Picture the Problem Let represent the density of mercury at 0°C and ’ its density at 
80°C, and let m represent the mass of our sample at 0°C and m’ its mass at 80°C. We can 
use the definition of density to relate its value at the higher temperature to its value at the 
lower temperature and the amount spilled. 


Using its definition, express the ,_ Mm 

density of the mercury at 80°C: a V 

Express the mass of the mercury at ,_m—Am_m_ Am 
80°C in terms of its mass at 0°C and _ VoeeVeYV 
the amount spilled at the higher _ Am 
temperature: a 2 


. : = 
Substitute numerical values and p! =1.3645x10* kp/m’ — 1.47x ad Kg 
evaluate g’: 60x10 m 


=| 1.3621x10* kg/m°* 


Pressure 


25, 
Picture the Problem The pressure due to a column of height / of a liquid of density ¢ is 
given by P = pgh. 


Letting / represent the height of the Pugh =101kPa 


column of mercury, express the 
pressure at its base: 


Solve for h: pe 101kPa 
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Substitute numerical values and = 1.01x10° N/m? 
evaluate h: (13.6x10° kg/m’ )(9.81m/s’) 
203i = 
2.54x10~ m 
=| 29.8in of Hg 
26 


Picture the Problem The pressure due to a column of height / of a liquid of density ¢ is 
given by P = pgh. 


(a) Express the pressure as a P=P.+ Prater ZN 
function of depth in the lake: 


Solve for and evaluate h: i ‘tat Py _ Fa 
P. water P. water P water 


Substitute numerical values and - 1.01x10° N/m? 
evaluate h: (10° kg/m’ )(9.81m/s”) 
=| 10.3m 
(6) Proceed as in (a) with Pwater k= pe ee _ = 
replaced by Py, to obtain: Pug& Pru& 
Substitute numerical values and _ 1.01x10° N/m? 
evaluate h: (13.6«10° kg/m*)(9.81m/s’) 


=| 75.7cm 


*27 ~° 

Picture the Problem The pressure applied to an enclosed liquid is transmitted 
undiminished to every point in the fluid and to the walls of the container. Hence we can 
equate the pressure produced by the force applied to the piston to the pressure due to the 
weight of the automobile and solve for F. 


Express the pressure the weight of — Manto 
the automobile exerts on the shaft of = a 
the lift: 

Express the pressure the force pe F 


applied to the piston produces: 


piston 
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Because the pressures are the same, Waitt 
we can equate them to obtain: Ais sisted 
Solve for F: F _ Aes = Pag 
= Wauto A = Mao A 
shaft shaft 


Substitute numerical values and 
evaluate F: 


F =(1500kg)(9.81m/s’) (=) 


cm 
=| 230N 


28 oe 
Picture the Problem The pressure exerted by the woman’s heel on the floor is her 
weight divided by the area of her heel. 


Using its definition, express the pm ae _wW_ mgs 
pressure exerted on the floor by the A A A 
woman’s heel: 
Substitute numerical values and p= (56kg)(9.8 i m/s?) 
evaluate P: 10°* m? 
lat 
= 5.49 x 10° Nim? x =" — 
101.3kPa 
=|54.2atm 
*29 e 
Picture the Problem The required pressure AP is related to the change in volume AV and 
AP 
the initial volume V through the definition of the bulk modulus B; B =—-———_. 
AV /V 
Using the definition of the bulk —— AP 
modulus, relate the change in AV /V 


volume to the initial volume and the 
required pressure: 


Solve for AP: _ AV 
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Substitute numerical values and AP =~2.0x10° Pa x [= 0.01 ‘) 
evaluate AP: 
=2.00%107 Pax _ 
101.325kPa 
- 
30 


Picture the Problem The area of contact of each tire with the road is related to the 
weight on each tire and the pressure in the tire through the definition of pressure. 


Using the definition of gauge = iw 
pressure, relate the area of contact to au 
the pressure and the weight of the 
car: 
Substitute numerical values and Pe 1(1500kg) (9.8 1m/s” ) 
evaluate A: 200kPa 
_ +(1500kg)(9.81m/s?) 
200 x10° N/m? 
=1.84 x 10° m’ =| 184cm” 
31 ee 


Picture the Problem The force on the lid is related to pressure exerted by the water and 
the cross-sectional area of the column of water through the definition of density. We can 
find the mass of the water from the product of its density and volume. 


(a) Using the definition of pressure, F=PA 
express the force exerted on the lid: 


Express the pressure due to a column P=p...0n 
of water of height h: 


Substitute for P and A to obtain: F = Pater Qhar’ 
Substitute numerical values: r= (1 0° kg/m? (9.8 m/s” ) 
x(12m)z (0.2m) 


=| 14.8kN 
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‘ 2 
(b) Relate the mass of the water to its M = Prater” = Pwarertt EP 
density and volume: 


Substitute numerical values and m= (1 0° kg/m?* \a2 m)z (3 x10° m) 
evaluate m: 

=| 0.339kg 
32 


Picture the Problem The minimum elevation of the bag / that will produce a pressure of 
at least 12 mmHg is related to this pressure and the density of the blood plasma 
through P = Prtooah 7 


Using the definition of the pressure P=)5.58Nn 
due to a column of liquid, relate the 
pressure at its base to its height: 


Solve for h: h= P 

PriooaS 
Substitute numerical values and 12mm ex 133.32 Pa 
evaluate h: mmHg 


"= (03x10 kgm’ )(0.81mis") 


=0.158m =| 15.80m | 


33 eo 
Picture the Problem The depth / below the surface at which you would be able to breath 
is related to the pressure at that depth and the density of water p,, through P= p,, gh. 


Express the pressure at a depth h P=p,gh 
and solve for A: and 
P 
h=—— 
PwS 
Express the pressure at depth / in P= i 
terms of the weight on your chest: A 


Substitute to obtain: h F 
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Substitute numerical values and 400 N 


evaluate h: "= 009m" )(10' kim (0.81mi) 


=| 0.453m 


34 ee 

Picture the Problem Let 4, and 4, represent the cross-sectional areas of the large piston 
and the small piston, and F| and F> the forces exerted by the large and on the small 
piston, respectively. The work done by the large piston is W, = Fh, and that done on the 
small piston is W, = F,h2. We’ ll use Pascal’s principle and the equality of the volume of 
the displaced liquid in both pistons to show that W; and W, are equal. 


Express the work done in lifting the W=Fh, 
car a distance h: where F is the weight of the car. 


Using the definition of pressure, Ff, _F, 
relate the forces F (= w) and F to j 
the areas A, and A: 


Solve for F\: A, 


Equate the volumes of the displaced h,A, =h,A, 
fluid in the two pistons: 


Solve for h;: A 
h, =h, 
A, 
Substitute in the expression for W; A A 
: . P W. =F, +h, = Bh, = W, 
and simplify to obtain: aay 
35, 


Picture the Problem Because the pressure 
varies with depth, we cannot simply 
multiply the pressure times the half-area of 
a side of the cube to find the force exerted 
by the water. We therefore consider the 
force exerted on a strip of width a, height 
dh, and area dA = adh at a depth A and 
integrate from h = 0 to h = a/2. The water 


a/2 


pressure at depth h is Px + opgh. We can 
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omit the atmospheric pressure because it is 
exerted on both sides of the wall of the 
cube. 


Express the force dF on the element dF = PdA= pghadh 
of length a and height dh in terms of 
the net pressure pgh: 


a/2 a/2 


1 a 
F=|dF= hdh = — — 
for eae) 

8 
*36 eco 


Picture the Problem The weight of the water in the vessel is the product of its mass and 


Integrate from h = 0 to h = a/2: 


the gravitational field. Its mass, in turn, is related to its volume through the definition of 
density. The force the water exerts on the base of the container can be determined from 
the product of the pressure it creates and the area of the base. 


(a) Using the definition of density, w=mg = plg 
relate the weight of the water to the 
volume it occupies: 


Substitute for V to obtain: w=t70 rhg 


Substitute numerical values and evaluate w: 


w = 42(10° kg/m’) (15x10 m) (25x10? m) (9.81m/s) = 


(b) Using the definition of pressure, F = PA=pghrr’ 
relate the force exerted by the water 

on the base of the vessel to the 

pressure it exerts and the area of the 

base: 


Substitute numerical values and evaluate F: 


F =(10° kg/m’) (9.81m/s?)(25x107 m) x (15x10? m) = 
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This occurs in the same way that the force on Pascals barrel is much greater 


than the weight of the water in the tube. The downward force on the base is 
also the result of the downward component of the force exerted by the 


slanting walls of the cone on the water. 


Buoyancy 


*37 ° 
Picture the Problem The scale’s reading will be the difference between the weight of the 
piece of copper in air and the buoyant force acting on it. 


Express the apparent weight w’ of w'=w-B 
the piece of copper: 


Using the definition of density and w'= 0.2 - p,VZ 
Archimedes’ principle, substitute for =(p., — Py Wg 
w and B to obtain: 


Express w in terms of Oc, and V and w= p,Ve=>Ve= w 


solve for Vg: Pou 
Substitute to obtain: ; w e 
v= (Deu Pw) = [ p I. 
Cu Pou 

. . 1 
Substitute numerical values and ra (0. 5 kg)(9.81 m/s’) 
evaluate w’: 9 

=| 4.36N 

38s 


Picture the Problem We can use the definition of density and Archimedes’ principle to 
find the density of the stone. The difference between the weight of the stone in air and in 
water is the buoyant force acting on the stone. 


Using its definition, express the — Mstone 

. Prtone = (1) 
density of the stone: V ioe 
Apply Archimedes’ principle to B=w, =m& = PV 


obtain: 


Solve for Vz: 


Because V¢= Votone aNd Of = Pwater! 


Substitute in equation (1) and 


simplify to obtain: 


Substitute numerical values and 


evaluate Pstone: 


39s 
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B 

—— 

Pr& 

_ B 

ii PrwaterS 
mM, oneS Wy one 
Pytone = BR Peat a ap Prvate 
60N 3 3 

= ————_{10° kg/m 

Pstone ONION g ) 


=| 3.00x10° kg/m? 


Picture the Problem We can use the definition of density and Archimedes’ principle to 


find the density of the unknown object. The difference between the weight of the object 


in air and in water is the buoyant force acting on the object. 


(a) Using its definition, express the 
density of the object: 


Apply Archimedes’ principle to 
obtain: 


Solve for Vz 


Because Ve = Vobject and Pr = Pwater! 


Substitute in equation (1) and 
simplify to obtain: 


Substitute numerical values and 


evaluate Pobject? 


M diect 
Pp object a V ( 1) 


object 


B=w, =m,Z = PV -g 


B 
V, =— 
PS 
B 
Y ies _ 
PrwaterS 
a MN soject& 3 Wobject 


Pobject ~ B water ~ B Prater 


5N 
5N—4.55N 


=| 11.1 10° kg/m’ 


Pobject = (10° kg/m’) 


(6) From Figure 13 - 1, we see that the unknown material has a density close to 
that of lead. 
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40 -° 

Picture the Problem We can use the definition of density and Archimedes’ principle to 
find the density of the unknown object. The difference between the weight of the object 
in air and in water is the buoyant force acting on it. 


Using its definition, express the — Metal 
7 p metal yr (1) 
density of the metal: Yeas 
Apply Archimedes’ principle to B=w, =m, g = PV-g 
obtain: 
Solve for Vz V= B 
—— 
Pr& 
Because V¢= Vinetay aNd P¢ = Pwater? _ 8B 
metal — 
; Pp. water 
Substitute in equation (1) and MiretaS Wreta 
i Fi 2 . ( ) Prmetal = nel Prater = me sater 
simplify to obtain: B B 
i i 90N 
Substitute numerical values and Poneiat = (10° kg /m? ) 
evaluate Pmetal: 90N —56.6N 


=| 2.69 x 10° kg/m* 


41 

Picture the Problem Let V be the volume of the object and V’ be the volume that is 
submerged when it floats. The weight of the object is opVg and the buoyant force due to 
the water is ~,,V’g. Because the floating object is translational equilibrium, we can use 
dF |, = 0 to relate the buoyant forces acting on the object in the two liquids to its 


weight. 


Apply | F, =0to the object pV E—mg = pV'g—p¥g=0 (1) 
floating in water: 
Solve for p: y' 


P= Pu Te 


Substitute numerical values and 3 3)0.8V 3 
= (10° kg/m” J—— =| 800kg/m 
p ( g V 


evaluate p: 
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Apply SF = 0 to the object mg =0.72V p, g 


floating in the second liquid and 
solve for mg: 
Solve equation (1) for mg: mg = 0.8p,,Vg 


Equate these two expressions to obtain: 0.72p, =0.8,/,, 


Substitute in the definition of 


specific gravity = Pus — =| 10 


Ww 


specific gravity to obtain: 


#42 oe 

Picture the Problem We can use Archimedes’ principle to find the density of the 
unknown object. The difference between the weight of the block in air and in the fluid is 
the buoyant force acting on the block. 


Apply Archimedes’ principle to obtain: B=w, =m,g = PV -g 
Solve for p; _ &B 
Pi 
Vig 
Because V¢= Vere block: B B 
t= VFe block O: = _ pe 


Vie blockS Mere blockS 


Substitute numerical values and evaluate p¢ 


_ (5kg)(9.81m/s?)-6.16N eo ae 
p= ao Simi} (7.96x10° kg/m*)=| 6.96 10° kg/m 


43s 
Picture the Problem The forces acting on the cork are B, the upward force due to the 


displacement of water, mg, the weight of the piece of cork, and F,, the force exerted by 
the spring. The piece of cork is in equilibrium under the influence of these forces. 


Apply >», = () to the piece of cork: B-w-F,=0 (1) 
or 
B- Pil o-l, =0 (2) 
Express the buoyant force as a function B=w, = p,VZ 


of the density of water: 
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Solve for Vg: 


Substitute for Vg in equation (2): 


Solve equation (1) for B: 


Substitute in equation (3) to obtain: 


Solve for cork! 


Substitute numerical values and 
evaluate cork! 


44 


es 
Pw 
B 
B= pg —— Ff, =0 (3) 
B=wt+F. 


0.285N 
kent ee 
Poa = (10° ke ee ee 


- [urea] 


Picture the Problem Under minimum-volume conditions, the balloon will be in 


equilibrium. Let B represent the buoyant force acting on the balloon, w;., represent its 


total weight, and V its volume. The total weight is the sum of the weights of its basket, 


cargo, and helium in its balloon. 


Apply DF, = 0 to the balloon: 


Express the total weight of the balloon: 


Express the buoyant force due to the 


displaced air: 


Substitute to obtain: 


Solve for V: 


B-w,, =90 


W,, =2000N + p,,.Ve 


B=w, = PiiVE 


PaV@-2000N ~ p,.Ve =0 


2000 N 


V = 
(Pair — Pre )E 


Fluids 999 


Substitute numerical values and evaluate V: 


_ 2000N Saas 
"> (29kgim® —0.178kgim')(0.81mis*) ~ 


#45 oe 

Picture the Problem Let V = volume of diver, fp the density of the diver, Vp, the volume 
of added lead, and mp, the mass of lead. The diver is in equilibrium under the influence of 
his weight, the weight of the lead, and the buoyant force of the water. 


Apply YF, = 0 to the diver: B-W, —Wp, =9 
Substitute to obtain: Pa pape Z — PoV pF — Mn, Z =0 
or 


PwVn + Pw oo — PrVp — Mpp = 9 


Rewrite this expression in terms of py pS ar 0 
masses and densities: Ps Prep Pp 
Solve for the mass of the lead: Pe ad: (2, = Pp)My 
Pb = 
Pp (Dp, — Pw ) 


Substitute numerical values and evaluate mp,: 


Mp, = 


(11.310? kg/m’ (10° kg/m’ - 0.96 x10° kg/m’ )(85kg) _ 
(0.96x10° kg/m? )(11.3x10° kg/m? 10° kg/m) [3.89 ks | 


46 

Picture the Problem The scale’s reading w’ is the difference between the weight of the 
aluminum block in air w and the buoyant force acting on it. The buoyant force is equal to 
the weight of the displaced fluid, which, in turn, is the product of its density and mass. 
We can apply a condition for equilibrium to relate the reading of the bottom scale to the 
weight of the beaker and its contents and the buoyant force acting on the block. 


Express the apparent weight w’ of the w'=w-B (1) 


aluminum block: 


Letting F be the reading of the bottom F+w-M,,,2 =0 (2) 
scale and choosing upward to be the 
positive y direction, apply 
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DF = 0 to the scale to obtain: 


Using the definition of density and w'= p,Vg-p,Vg 
Archimedes’ principle, substitute for = ( Pu-Pw Weg 
w and B in equation (1) to obtain: 


Express w in terms of pa; and V and w= p,Ve—Ve = Ww 


solve for Vg: Pai 
Substitute to obtain: ‘ w 
w'=(pxi- Py) -(' Aan 
Al Pa 
Substitute numerical values and ly 10° kg/m? 
evaluate w’: a 2.7x10° kg/m°* 
x (2kg)(9.81m/s”) 

=|12.4N 
Solve equation (2) for F: F=M,,g—-w' 
Substitute numerical values and Fe= (5 kg)(9.8 m/s? = 12.4N 
evaluate the reading of the bottom -136.7N 
scale: 
47 ooo 


Picture the Problem Let V = displacement of ship in the two cases, m be the mass of 
ship without load, and Am be the load. The ship is in equilibrium under the influence of 
the buoyant force exerted by the water and its weight. We’ll apply the condition for 
floating in the two cases and solve the equations simultaneously to determine the loaded 
mass of the ship. 


Apply dF, = (to the ship in fresh water: 9,Vg—mg =0 (1) 
Apply DF, = 0 to the ship in salt water: DeglS= (m cs Am)g =0 (2) 
Solve equation (1) for Vg: mg 
q (1) & Ve te 
Pw 
Substitute in equation (2) to obtain: mg 


Solve for m: 


Add Am to both sides of the 
equation and simplify to obtain: 


Substitute numerical values and 
evaluate m+ Am: 
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PAm 


m=—~—— 
Paw — Pw 


Py Am 
Psw — Pw 


= an{ Psa 
Psw ~ Pw 


_ Amp, 


Psw — Pw 


m+Am= +Am 


vn dm — 0x10° ke )(1.025p,.) 


1.0259, — Pp, 


_ (6x10° kg)(1.025) 
1025-1 


=| 2.46x10" kg 


Picture the Problem For minimum liquid density, the bulb and its stem will be 
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submerged. For maximum liquid density, only the bulb is submerged. In both cases the 


hydrometer will be in equilibrium under the influence of its weight and the buoyant force 


exerted by the liquids. 


(a) Apply SF, =0 to the hydrometer: 


Using Archimedes’ principle to express 


B, substitute to obtain: 


Solve for mp: 


Substitute numerical values and evaluate mp: 


Mp, 


=| 14.72 


(6) Apply >» F, = (0) to the hydrometer: 


Pil 2 ~ MNinS = 0 
or 
Prin Pours = V-som) = IN glass ay Mp, 


Mp, = Prin a + Peet ) ~ M glass 


0° m? 


(0.9kg/L) oon01+£(0.15m)(0.005m)| : }| (e107) 


Priel 2 = Mig = 0 


or 
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PrmaxY puto = MM glass ce Mpy 


Solve for Pmax! ee Morass + Mpp 
max 
Vout 


Substitute numerical values and 6¢+14.7¢g 
= =~ =| 1.04kg/L 


evaluate Pax! 


49 
Picture the Problem We can relate the upward force exerted on the dam wall to the area 
over which it acts using F = P,A and express P, in terms of the depth of the water 


using P, = pgh. 


Using the definition of pressure, F= P, A 
express the upward force exerted on 
the dam wall: 


Express the gauge pressure P, of the P. = pgh 
water 5 m below the surface of the is 
dam: 
Substitute to obtain: F = pghA 
Substitute numerical values and F= (1 0° kg/m°* (9.8 1m/s (5 m) (1 0m? ) 
evaluate F’: 
=| 491kN 
50 
Picture the Problem The forces acting on y 
the balloon are the buoyant force B, its - 


weight mg, and a drag force Fp. We can 
find the initial upward acceleration of the 
balloon by applying Newton’s 2™ law at 
the instant it is released. We can find the 
terminal velocity of the balloon by 
recognizing that when 

a, = 0, the net force acting on the balloon F, 
will be zero. 


(a) Apply >» F, = ma,, to the B- Mpatioon& = Myatloon® y 
balloon at the instant of its release to 

obtain: 

Solve for a,: 2 B-Mystioon& = B 


a, g 


m balloon m balloon 
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Using Archimedes principle, B=wW,=me = ple 
express the buoyant force B acting - ; 
on the balloon: = PriM patton’ = 3 Pail B 
Substitute to obtain: 4p ,I° 8 = Mpatioon& = Myatloon® y 
Solve for a,: _ [eee 7 ie 
y 
Myatioon 
She dia pumeeea values and 7 [ 4 xl 29kg at )(2. 5 m) 
evaluate a,: a, = 1 
1Skg 
2 
x(9.81m/s?) 
=| 45.4m/s” 

(b) Apply }° F, = ma, to the B-mg-tar’ py, =0 
balloon under terminal-speed 
conditions to obtain: 
Substitute for B: 47,1’ g—mg—11r’ pv’ =0 


Solve for vi: 2(4zp..r3 —m)g 
= 3 — 
Tr p 


Substitute numerical values and evaluate v: 


4 3) 3 2 
» — (262 U.29ke/m (2.5m) —15kg|{9.81m/s*) _ ae 


(2.5m) (1.29kg/m* 


(c) Relate the time required for the h 10km 
balloon to rise to 10 km to its At = 9 = 73am 
terminal speed: t , 


=| 22.7 mini 


= 1364s 


Continuity and Bernoulli's Equation 


*51 ee 
Picture the Problem Let J represent the flow rate of the water. Then we can use J = Av 
to relate the flow rate to the cross-sectional area of the circular tap and the velocity of the 
water. In (6) we can use the equation of continuity to express the diameter of the stream 
7.5 cm below the tap and a constant-acceleration equation to find the velocity of the 
water at this distance. In (c) we can use a constant-acceleration equation to express the 
distance-to-turbulence in terms of the velocity of the water at turbulence v, and the 
definition of Reynolds number Ne to relate , to Nr. 
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(a) Express the flow rate of the 
water in terms of the cross-sectional 
area A of the circular tap and the 
velocity v of the water: 


Solve for v: 


Substitute numerical values and 
evaluate v: 


(6) Apply the equation of continuity 
to the stream of water: 


Solve for ds: 


Use a constant-acceleration equation 
to relate vp and v to the distance Ah 
fallen by the water: 


Solve for ve to obtain: 


Substitute numerical values and 
evaluate v¢ 


Substitute in equation (2) and 
evaluate ds: 


(c) Using a constant-acceleration 
equation, relate the fall-distance-to- 
turbulence Ad to its initial speed v 
and its speed y, when its flow 
becomes turbulent: 


Solve for Ad to obtain: 


Express Reynolds number Ne for 
turbulent flow: 


J=Av=arve=tad’yv (1) 
i J 
1 nd? 
10.5cm?*/s 
vy = ——— _ =| 9.28 cm/s 
ibe Oe 
v,A, = v,A, = VA. 
or 
3 I 45 
v, —d; =v—d; 
£ 4 f 4 i 
d,=,|—d, 2) 
Vs 


Vv; =v +2gAh 


Vp =v? +2gAh 


v; = (9.28cm/s)’ + 2(981cm/s? )(7.5cm) 


=122cm/s 


d,=(1 20m) oy = L033 tom 


v; =v’ +2¢Ad 
2.2 

Kaa (3) 
2g 

eee 


From equation (1): 


Substitute to obtain: 


Solve for 4: 


Substitute numerical values (see 
Figure 13-1 for the density of water 


and Table 13-1 for the coefficient of 


viscosity for water) and evaluate 1: 


Substitute in equation (3) and 
evaluate the fall-distance-to 
turbulence: 


52 
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J 
r= [— 
TV, 
Ne 2pv, | J 
n \7y, 
y — ZNeT 
apy 


— 7(2300)°(1.8 agp ay 
4(10° kg/m? F (10.5 ai /s) 
=1.28m/s 


(128cm/s) —(9.28cm/s) 
2(981cm/s” 


-[Eiten| 


in reasonable agreement with everyday 
experience. 


Ad = 


Picture the Problem Let 4, represent the cross-sectional area of the hose, A, the cross- 


sectional area of the nozzle, v, the velocity of the water in the hose, and v, the velocity of 


the water as it passes through the nozzle. We can use the continuity equation to find v2 


and Bernoulli’s equation for constant elevation to find the pressure at the pump. 


(a) Using the continuity equation, 
relate the speeds of the water to the 
diameter of the hose and the 
diameter of the nozzle: 


Solve for vy: 


Substitute numerical values and 
evaluate v>: 


(6) Using Bernoulli’s equation for 
constant elevation, relate the 
pressure at the pump P» to the 


2 
eae CT 
0.3cm 


1 ae 1 2 
Po +z pv, = Py +7 v5 
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atmospheric pressure and the 
velocities of the water in the hose 
and the nozzle: 


Solve for the pressure at the pump: P= Py t5 plv3 = v7) 


Substitute numerical values and evaluate Pp: 
P, = 101kPa + 4(10° kg/m*)|(65 m/s)’ - (0.65m/s) | 


latm 
= 2.21x10°Pa x ———_——_ =] 21.9 atm 
joLa2skpa 7 L2i2atm | 
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Picture the Problem Let 4 represent the cross-sectional area of the larger-diameter 
pipe, A, the cross-sectional area of the smaller-diameter pipe, v, the velocity of the water 
in the larger-diameter pipe, and v, the velocity of the water in the smaller-diameter pipe. 
We can use the continuity equation to find v. and Bernoulli’s equation for constant 
elevation to find the pressure in the smaller-diameter pipe. 


(a) Using the continuity equation, Av, = A,Vv, 
relate the velocities of the water to or 
the diameters of the pipe: ad A ad A 
go = ra 
Solve for and evaluate v>: a; 
Vy = TY 
d 
2 
Substitute numerical values and d, ; 
evaluate v): V=) (3 m/s) =| 12.0 m/s 
2. d 1 
(b) Using Bernoulli’s equation for P+ipv =P, +1+9,5 
constant elevation, relate the 
pressures in the two segments of the 
pipe to the velocities of the water in 
these segments: 
Solve for P2: P,=P+1p,vi -1p,v; 


=P +4), (3 -v3] 


Fluids 1007 


Substitute numerical values and P, = 200kPa + 4 (1 0° kg/m’) 
evaluate P3: ” (3 m/s)’ _ (I 2 m/s) 

=| 133kPa 
(c) Using the continuity equation, ae md; = md, 3 m/s) 
evaluate Jy: 
Using the continuity equation, ee ad - ¥, 
express [y: 4 
Substitute numerical values and (4 ) 

n| 2 
evaluate [y): 2 md 
ly = 4 (12 mis) = | (3m/s) 

Thus, as we expected would be the as 
case: 
54 


Picture the Problem Let 4, represent the cross-sectional area of the 2-cm diameter pipe, 
Ay the cross-sectional area of the constricted pipe, v, the velocity of the water in the 2-cm 
diameter pipe, and v2 the velocity of the water in the constricted pipe. We can use the 
continuity equation to express d, in terms of d; and to find v; and Bernoulli’s equation for 
constant elevation to find the velocity of the water in the constricted pipe. 


Using the continuity equation, relate Av, = A,V, 
the volume flow rate in the 2-cm or 
diameter pipe to the volume flow rate nd nd . 
in the constricted pipe: 4b A Y2 
Solve for d,: v 

: d,=d, |— 

¥y 
Using the continuity equation, relate — ly = 2.80L/s =891m/s 
v; to the volume flow rate Jy: A, (0.02 m) 
4 

Using Bernoulli’s equation for P+tpo,y =P, +1p,v; 


constant elevation, relate the 
pressures in the two segments of the 
pipe to the velocities of the water in 


1008 Chapter 13 


these segments: 


Solve for v»: 


Substitute numerical values and 
evaluate v>: 


Substitute and evaluate d>: 
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Vv, = AR -P) Ly, 
VY Ps 
re 2(142 = — eens ) n (8.91m/s) 
\ 10° kg/m 
=12.7m/s 


d, =(2cm) = =| 1.68cm 


Picture the Problem We can use the definition of the volume flow rate to find the 


volume flow rate of blood in an aorta and to find the total cross-sectional area of the 


capillaries. 


(a) Use the definition of the volume 
flow rate to find the volume flow 
rate through an aorta: 


Substitute numerical values and 
evaluate Jy: 


(b) Use the definition of the volume 
flow rate to express the volume flow 
rate through the capillaries: 


Solve for the total cross-sectional 
area of the capillaries: 


Substitute numerical values and 
evaluate A cap: 


I, =Av 


1, = (9107 m*)(0.3m/s) 
60s . 1L 


3 
= 7.63x108 =x —— x ——— 
s min 10°m 


- [7580 


Vv cap cap 
Hoe 
cal 
an 


_ 7.63x10° m’/s 
= 0.001m/s 


= 7.63x107 m* =| 763cm? 
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Picture the Problem We can apply Bernoulli’s equation to points a and 5 to determine 
the rate at which the water exits the tank. Because the diameter of the small pipe is much 
smaller than the diameter of the tank, we can neglect the velocity of the water at the point 
a. The distance the water travels once it exits the pipe is the product of its speed and the 
time required to fall the distance H —h. 


Express the distance x as a function of x=v,At (1) 
the exit speed of the water and the 
time to fall the distance H —h: 


Apply Bernoulli’s equation to the P+ p,gH +4 py. =P 
water at points a and b: +p e(H = h)+ Lp ve 


or, because v, ~ 0 and P, = Py = Put, 
gH = g(H -h)+3y, 


Solve for vz: v, =2gh 


Using a constant-acceleration Ay = vp, At + La(At y 


equation, relate the time of fall to the _ 
or, because voy = 0, 


distance of fall: ape 1 e(Aty 
Solve for At: Age 2(H - h) 
& 
Substitute in equation (1) to obtain: x= J2gh aot _ 
& 
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Picture the Problem Let the subscript 60 denote the 60-cm-radius pipe and the subscript 
30 denote the 30-cm-radius pipe. We can use Bernoulli’s equation for constant elevation 
to express P39 in terms of v9 and v3, the definition of volume flow rate to find v6) and the 
continuity equation to find v39. 


Using Bernoulli’s equation for Patt pve, =Py,+4 Vp 
constant elevation, relate the 

pressures in the two pipes to the 

velocities of the oil: 
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Solve for P30: Py = Foo + 1 vz, = ) (1) 
Use the definition of volume flow _ly 
Veg. > 
rate to find v6: Ass 
3 
oe 
_ day 24h 3600s 
(0.6m) 

= 2.456 m/s 

Using the continuity equation, relate AgVen = Aapan 


the velocity of the oil in the half- 
standard pipe to its velocity in the 


standard pipe: 
Solve for and evaluate v3: A (0.6m)? 
” 59 = — Veg = #10.6m) (> 456 m/s) 
Ay a 3 m) 
= 9.824 m/s 


Substitute numerical values in equation (1) and evaluate P39: 


P, =180kPa ++(800kg/m’)[(2.456m/s)° ~ (0.824m/s)'|=[144kPa | 


*58 ee 
Picture the Problem We’|I use its definition to relate the volume flow rate in the pipe to 
the velocity of the water and the result of Example 13-9 to find the velocity of the water. 


Using its definition, express the lL, =Ay=ary, 
volume flow rate: 


Using the result of Example 13-9, 
find the velocity of the water 
upstream from the Venturi meter: 


Substitute numerical values and evaluate v,: 


2(13.6 10° kg/m’ )(9.81m/s? )(0.024m) 


2) 
(10° kgm’) |{ 095m) _, 
0.056m 


=1.847m/s 


v= 
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Substitute numerical values and i= a (0. 095 my (1 847 m/s) 
evaluate Jy: 4 


=1.309x107 m?/s 


- [BIL] 


59 we 
Picture the Problem We can apply the definition of the volume flow rate to find the 
mass of water emerging from the hose in | s and the definition of momentum to find the 
momentum of the water. The force exerted on the water by the hose can be found from 
the rate at which the momentum of the water changes. 


(a) Using its definition, express the a AV - Am 
volume flow rate of the water At p,,At 
emerging from the hose: 


Solve for Am: Am = Avp,,At 

Substitute numerical values and Am = 2(0.015m) (30 m/s)(I 0° kg/m? )( s) 
evaluate Am: =| 21.2kg/s 

(b) Using its definition, express and p=Amv= (21.2kg/ s)(3 Om/s) 

evaluate the momentum of the =| 636kg-m/s 

water: 


(c) The vector diagrams are to the 


right: _ 
a ae Ap —p; 
Express the change in momentum Ap = P; = D 
of the water: 
Substitute numerical values and Ap =.|(636kg- m/s) +(636kg-m/s) 


evaluate Ap: 


= (636kg-m/s)V2 


-[ ke 
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Relate the force exerted on the water 
by the hose to the rate at which the 
water’s momentum changes and 
evaluate F: 


60 oo 


Ap  899kg-m/s 
f=——= =| 899N 
aaa imaged 


Picture the Problem Let the letter P denote the pump and the 2-cm diameter pipe and 


the letter N the 1-cm diameter nozzle. We’ll use Bernoulli’s equation to express the 


necessary pump pressure, the continuity equation to relate the velocity of the water 


coming out of the pump to its velocity at the nozzle, and a constant-acceleration equation 


to relate its velocity at the nozzle to the height to which the water rises. 


Using Bernoulli’s equation, relate the 


pressures, areas, and velocities in the 
pipe and nozzle: 


Solve for the pump pressure: 


Use the continuity equation to relate 
vp and vy to the cross-sectional areas 
of the pipe from the pump and the 
nozzle: 


Using a constant-acceleration 
equation, express the velocity of the 
water at the nozzle in terms of the 
desired height Ah: 


Substitute in equation (1) to obtain: 


Py + Py Bhp + + PyVp = Py + py ghy 
+3 Pwn 

or, because Py = Px and hp = 0, 

Po +z Purp = Pit PuShy +7 Pun 


2 


P, =P, + pyghy +p, (3-3) (1) 


ApVp = AyVy 


and 


tig 9? ‘ 


cr eee eee 
=7n 
v’ =v. —2gAh 


or, because v = 0, 
ve =2gAh 


P, =P, + Pyghy +4 p, [2gAh-+(2gAh)]=P, +P, ghy +4, (gdh) 


= + Py Blhy + 15Ah) 


Substitute numerical values and evaluate Pp: 


P, =101kPa +(10° kg/m’)(9.81 m/s” )[3m+4£(12m)]=| 241kPa 


Fluids 1013 


61 eee 
Picture the Problem We can apply Bernoulli’s equation to points a and b to determine 
the rate at which the water exits the tank. Because the diameter of the small pipe is much 
smaller than the diameter of the tank, we can neglect the velocity of the water at the point 
a. The distance the water travels once it exits the pipe is the product of its velocity and 
the time required to fall the distance H —h. That there are two values of A that are 
equidistant from the point h = rae can be shown by solving the quadratic equation that 


relates x to h and H. That x is a maximum for this value of / can be established by 
treating x = f(A) as an extreme-value problem. 


(a) Express the distance x as a x =v,At (1) 
function of the exit speed of the 

water and the time to fall the 

distance H — h: 


Apply Bernoulli’s equation to the Pot p 2H +5), 2 =P + Pp, g(H - h) 


water at points a and b: t+ip.v? 
2h w 


or, because v, ~ 0 and P, = P, = Pat, 
gH = g(H—h)+4Vy, 


Solve for v;: Vv, =/2gh 


Using a constant-acceleration Ay =v,At + La(Aty 


equation, relate the time of fall to or, because Voy = 0, 


the distance of fall: ates 1e(Aty 
Solve for At: WH -h 
At = .|-—-———+ 
§ 
Substitute in equation (1) to obtain: = 
7 (1) x=/2¢h [2(# =A) _ [n(H —h) 
& 
(b) Square both sides of this x’ =4hH —4N’ or 4h? —4Hh+x° =0 
equation and simplify to obtain: 
Solve this quadratic equation to h -| py alge? | 
ae 


obtain: 
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Find the average of these two values 


1 
a 2 
for h: yy = 9 
(c) Differentiate dx _ , 1 [ale n)b2(H 7 2h) 
x =2,/h\H —h) with respect to h: dh 2 
_. af S2n 
ACH —h 
Set the derivative equal to zero for H —2h ~( 
extrema: h(H —h) 
Solve for / to obtain: h= 4 H 
Evaluate x = 2,Jh(H —h) with Xmax = 25 HA -+H 


h=+H: =| 


Remarks: To show that this value for 4 corresponds to a maximum, one can either 


d’x 


dh? 


show that <0 at h=4H or confirm that the graph of f(h) at h = 5 H is 


concave downward. 


*62 ce 
Picture the Problem Let the numeral | denote the opening in the end of the inner pipe 
and the numeral 2 to one of the holes in the outer tube. We can apply Bernoulli’s 
principle at these locations and solve for the pressure difference between them. By 
equating this pressure difference to the pressure difference due to the height / of the 
liquid column we can express v as a function of /, Pp, g, 

and h. 


Apply Bernoulli’s principle at 


P +3 Py =P +4P,.% 
locations 1 and 2 to obtain: ‘ 


where we’ve ignored the difference in 
elevation between the two openings. 


2 


Solve for the pressure difference AP=P-—P,=1p vy 1 p,y; 
g g 


AP = P, — P32: 


Express the velocity of the gas at 1: 


Express the velocity of the gas at 2: 


v, = 0 because the gas is brought to a halt 
(i.e., is stagnant) at the opening to the inner 
pipe. 


v, =v because the gas flows freely past 


Substitute to obtain: 


Letting A be the cross-sectional area 
of the tube, express the pressure at a 
depth / in the column of liquid 
whose density is 9}: 


Substitute to obtain: 


Equate these two expressions for 
AP: 


Solve for v’ to obtain: 
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the holes in the outer ring. 


Waisvlacedliqud 2 
A A 
where B = p, Ahg is the buoyant force 


R=P,+ 


acting on the column of liquid of 
height h. 


Pgha  PyghA 
A A 
=i, + (p = )gh 
or 


AP = P,-P, =(p-p, )gh 


R=P+ 


1 


ape =(p-p,)gh 


B 2ghlp—p,) 
Ps 
Note that the correction for buoyant force 


due to the displaced gas is very small and 
that, to a good approximation, 


v= aah? ; 
Ps 


Remarks: Pitot tubes are used to measure the airspeed of airplanes. 
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Picture the Problem Let the letter "a" denote the entrance to the siphon tube and the 
letter "b” denote its exit. Assuming streamline flow between these points, we can apply 
Bernoulli’s equation to relate the entrance and exit speeds of the water flowing in the 
siphon to the pressures at either end, the density of the water, and the difference in 
elevation between the entrance and exit points. We can use the expression for the 
pressure as a function of depth in an incompressible fluid to find the pressure at the 
entrance to the tube in terms of its distance below the surface. We’ll also use the 
equation of continuity to argue that, provided the surface area of the beaker is large 
compared to the area of the opening of the tube, the entrance speed of the water is 


approximately zero. 


(a) Apply Bernoulli’s equation at the 


entrance to the siphon tube (point a) 
and at its exit (point b): 


P.+3pv. + pg(H -h) 


1 
=P,+4pv, + pg(H-h-d) = 


where H is the height of the containers. 
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Apply the continuity equation to a v,4, =v 
point at the surface of the liquid in 
the container to the left and to point 


surface us 


or, because A, << Asurtaces 


a: Va = Veurface = 0 
Express the pressure at the inlet P =P,,+ pe(H — h) 
(point a) and the outlet (point b): aa 
P, = Pay + 08(H —h—d) 
Letting v, = v, substitute in equation Pim + pe(H — h) + pgH 
1) to obtain: 
(1) = P., + pg(H —h-d) 


+4 pv’ + pg(H-h-d) 
or, upon simplification, 


g(H —h)+ gH = g(H -h-d) 
+1y? + 9(H -h-d) 


Solve for v: v=| .2ed 

(b) Relate the pressure at the highest P_ + o00(H —h)+1 0 

part of the tube P,,, to the pressure ve pe ) 2 PM ; 
at point b: = Pum + pRH —h—-d)+4 pv, 


or, because v, = Vp, 


Pg =| Pam — Pea 


top a 


Remarks: If we let P,., = 0, we can use this result to find the maximum theoretical 
height a siphon can lift water. 


Viscous Flow 


64 
Picture the Problem The required pressure difference can be found by applying 
Poiseuille’s law to the viscous flow of water through the horizontal tube. 


Using Poiseuille’s law, relate the ee 8 I 
pressure difference between the two rr 
ends of the tube to its length, radius, 

and the volume flow rate of the 


water: 
Substitute numerical values and AP = 8(1 mPa- s)(0.25 m) (0.3 nal: /s) 
evaluate AP: vA (0.6 x10° m) 


1.47kPa 


Fluids 1017 


65 

Picture the Problem Because the pressure difference is unchanged, we can equate the 
expressions of Poiseuille’s law for the two tubes and solve for the diameter of the tube 
that would double the flow rate. 


Using Poiseuille’s law, express the AP = 87L I 
pressure difference required for the ar’ ~ 
radius and volume flow rate of 
Problem 64: 
i L 
Express the pressure difference AP = 87 d (2 ) 
required for the radius r’ that would Le a 
double the volume flow rate of 
Problem 57: 
Equate these equations and simplify 87L _ 8yb 
7 4 Qi) ~ 4 ly 
to obtain: ae 
or 
2. A 
Sit od 
Solve for 7’: r'=4/2r 
Express d’: d' =2r' =24/2r =4/2d 
Substitute numerical values and d’ = 4/2(1.2mm) =| 1.43mm 
evaluate d’: 
*66 ° 


Picture the Problem We can apply Poiseuille’s law to relate the pressure drop across the 
capillary tube to the radius and length of the tube, the rate at which blood is flowing 
through it, and the viscosity of blood. 


Using Poiseuille’s law, relate the AP = 8yL I 
pressure drop to the length and ar’ ~ 
diameter of the capillary tube, the 

volume flow rate of the blood, and 

the viscosity of the blood: 

Solve for the viscosity of the blood: ie mr*AP 
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Using its definition, express the I, =A,.V =7 ry 
volume flow rate of the blood: 
Substitute and simplify: _ r’ AP 
8Lv 

Substitute numerical values to obtain: (3 5x10° m)" (2.60 kPa) 

= i 

slo” nl : "| 
Is 

=| 3.98mPa-s 
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Picture the Problem We can use the definition of Reynolds number to find the velocity 
of a baseball at which the drag crisis occurs. 


Using its definition, relate Reynolds 2rov 
number to the velocity v of the Na = 
baseball: 7 
Solve for v: - Na 

2rp 
Substitute numerical values (see (0.01 8mPa- s)(3 x10° ) 
Figure 13-1 for the density of air and = 2(0 05 rt 393 ke/ 5) 
Table 13-1 for the coefficient of ees en 

. . . . 1 i/h 
viscosity for air) and evaluate v: =A inex mi 
0.447 m/s 


-[SRani 


Because most major league pitchers can throw a fastball in the low - to mid - 90s, 


this drag crisis may very well play a role in the game. 


Remarks: This is a topic which has been fiercely debated by people who study the 
physics of baseball. 
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Picture the Problem Let the subscripts 
"f" refer to "displaced fluid”, "s” to 
"soda", and "g” to the “gas” in the 
bubble. The free-body diagram shows 
the forces acting on the bubble prior to 
reaching its terminal velocity. We can 
apply Newton’s 2™ law, Stokes’ law, 
and Archimedes principle to express the 
terminal velocity of the bubble in terms 
of its radius, and the viscosity and 
density of water. 


Apply >) F, = ma, to the bubble to 


obtain: 


Under terminal speed conditions: 


Using Archimedes principle, 
express the buoyant force B acting 
on the bubble: 


Express the mass of the gas bubble: 
Substitute to obtain: 


Solve for 1: 


Substitute for Viupoie and simplify: 


Substitute numerical values and 
evaluate vy: 


Express the rise time Af in terms of 
the height of the soda glass h and the 
terminal speed of the bubble: 
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B-m,g—F, =ma, 


B-m,g—F, =0 


B=w, =m,g 


= PV ek = PM our 
M, = PV. = PV wvvie 
Pa! viii? PS eee = 6znav, = 0 


Vcicel 3 p,) 
677A 


t 


_ 4 na’ e( .- Ps) 2a°g( .- Ps) 


67Na 9n 
_ 24° gp, 
9 


t 


, Since P, >> p,. 


_ 2(0.5x107 m)’(9.81m/s’) 
‘91.8107 Pa-s 

x (1.110? kg/m’) 
=| 0.333m/s 


At =— 


Vv 
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Assuming that a "typical" soda glass 0.15m 


has a height of about 15 cm, At = 


= —_—— =| 0.450s 
0.333 m/s 
evaluate Af: 


Remarks: About half a second seems reasonable for the rise time of the bubble. 


General Problems 
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Picture the Problem We can solve the given equation for the coefficient of roundness C 
and substitute estimates/assumptions of typical masses and heights for adult males and 
females. 


Express the mass of a person as a M =Coh’ 
function of C, p, and A: 
Solve for C: M 
C = 3 
ph 
Assuming that a "typical" adult 771kg 
male stands 5' 10" (1.78 m) and C= =| 0.0137 


3 
weighs 170 lbs (77 kg), then: ( 0° kg/m’ )( 78m) 


Assuming that a "typical" adult 50kg 
female stands 5' 4" (1.63 m) and C= 10° ke/m: a 63m); =| 0.0115 
weighs 110 Ibs (50 kg), then: (10° kg/m’). 

70 

Picture the Problem Let the letter "s" denote the shorter of the two men and the letter “t" 


the taller man. We can find the difference in weight of the two men using the relationship 
M = Coh’ from Problem 69. 


Express the difference in weight of Aw=w, -—w, = M,g-M,g 
the two men: 
= (M, - M, )g 
Express the masses of the two men: M, =Cph; 
and 
M,=Coh; 
Substitute to obtain: Aw = (Coh? —Cph; eg 
=(n? 1 )Cpe 
Assuming that a "typical" adult 771kg 
male stands 5' 10" (1.78 m) and = (10° k /m’)(1 78m) = 0.0137 
weighs 170 Ibs (77 kg), then: g , 
Express the heights of the two men h, = 72in x 2.54cm/in = 1.83m 


in SI units: 
and 


Fluids 1021 


h, = 69in x 2.54cm/in = 1.75m 


Substitute numerical values (assume Nigpes la 83 m)’ = (1 75 m)'| 


that p= 10° kg/m”) and evaluate Aw: 
at p g/m’) and evaluate Aw x (0.0137)(10° kg/m? \(9.81 m/s?) 


Ib | 
4.4482 N 


=103N x 23.21b 


71 
Determine the Concept The net force is zero. Neglecting the thickness of the table, the 
atmospheric pressure is the same above and below the surface of the table. 
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Picture the Problem The forces acting on 
the Ping-Pong ball, shown in the free-body 
diagram, are the buoyant force, the weight 
of the ball, and the tension in the string. 
Because the ball is in equilibrium under the 
influence of these forces, we can apply the 
condition for translational equilibrium to 
establish the relationship between them. 
We can also apply Archimedes’ principle T 
to relate the buoyant force on the ball to its 

diameter. 


Apply > F, = 0 to the ball: B-mg-T=0 
Using Archimedes’ principle, relate B=w, =, = PyV yan =F yd ; 
the buoyant force on the ball to its 


diameter: 


Substitute to obtain: tap,d°—mg—-T =0 


Solve for d: 
ies [6(7 + mg) 
TP, 


Substitute numerical values and evaluate d: 


=| 5.05cm 


7 =| 928x102 N+ (0.004 kg)(9.81 m/s") 
- (10° kg/m’) 
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Picture the Problem Let ~ represent the density of seawater at the surface. We can use 
the definition of density and the fact that mass is constant to relate the fractional change 
in the density of water to its fractional change in volume. We can also use the definition 
of bulk modulus to relate the fractional change in density to the increase in pressure with 
depth and solve the resulting equation for the density at the depth at which the pressure is 
800 atm. 


Using the definition of density, m= pV 
relate the mass of a given volume of 
seawater to its volume: 


Noting that the mass does not vary pdV +Vdp =0 
with depth, evaluate its differential: 


Solve for dp/p: dp _ av : Ap Z AV 


Using the definition of the bulk B= AP___AP 
modulus, relate AP to Ap/pp: AV/V Ap/p,p 
Solve Ap: PAP 
‘i Ap = P- Py = Zz 
Solve for 9: P AP AP 
. P=pPy+— =p (1+) 


Substitute numerical values and evaluate p: 


5 
800atmx 1.01x10° Pa 
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Picture the Problem When it is 
submerged, the block is in equilibrium 
under the influence of the buoyant force B 
due to the water, the force exerted by the 
spring balance, and its weight. We can use 
the condition for translational equilibrium 
to relate the buoyant force to the weight of 
the block and the definition of density to 
express the weight of the block in terms of 


its density. mg 
Apply > F, = 0 to the block: B+0.8mg—mg =0= B=0.2mg 
Substitute for B and m to obtain: Po riock& = 9-2 Prtoce™ riocte® 
Solve for and evaluate Pptock: i 
a Poiock = i 7 5(10° kg/m’) 


=| 5.00 x 10° kg/m° 
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Picture the Problem When the copper block is floating on a pool of mercury, it is in 
equilibrium under the influence of its weight and the buoyant force acting on it. We can 
apply the condition for translational equilibrium to relate these forces. We can find the 
fraction of the block that is submerged by applying Archimedes’ principle and the 
definition of density to express the forces in terms of the volume of the block and the 
volume of the displaced mercury. Let V represent the volume of the copper block, V’ the 
volume of the displaced mercury. Then the fraction submerged when the material is 
floated on water is V'/ V. Choose the upward direction to be the positive y direction. 


Apply ey , = 0 to the block: B-—w=0, where B is the buoyant force and 
w is the weight of the block. 


Apply Archimedes’ principle and the PuY'S — PoVg =9 
definition of density to obtain: 


Solve for V’/ V: V' _ Pou 
a Pug 
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Substitute numerical values and V'  8.93x 10° kg/m? 7 7 - 
evaluate ’/ V: Vv 13.6x10° kg/m? = 0.657 =| 65.7% 
76 ° 


Picture the Problem When the block is floating on a pool of ethanol, it is in equilibrium 
under the influence of its weight and the buoyant force acting on it. We can apply the 
condition for translational equilibrium to relate these forces. We can find the fraction of 
the block that is submerged by applying Archimedes’ principle and the definition of 
density to express the forces in terms of the volume of the block and the volume of the 
displaced ethanol. Let V represent the volume of the copper block, V’ the volume of the 
displaced ethanol. Then the fraction of the volume of the block that will be submerged 
when the material is floated on water is V’/ V. Choose the upward direction to be the 
positive y direction. 


Apply SF , = 0 to the block Bay, — W=90, where Be, is the buoyant 

floating on ethanol: force due to the ethanol and w is the weight 
of the block. 

Apply Archimedes’ principle to W = Darn (0.9V )g 

obtain: 

Apply > F, = (0) to the block B, —w=0, where B,, is the buoyant force 

floating on water: due to the water and w is the weight of the 
block. 

Apply Archimedes’ principle to obtain: w= p,V'g, where V’ is the volume of the 


displaced water. 


Equate the two expressions for w ee _ 0.9 Pen 

and solve for V'/ V: i Pe 

Substitute numerical values and a 0.9(0.806 x10° kg/m’) 
evaluate V'/ V: Vo 10° kg/m° 


= 0.725 =| 72.5% 
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Determine the Concept If you are floating, the density (or specific gravity) of the liquid 
in which you are floating is immaterial as you are in translational equilibrium under the 
influence of your weight and the buoyant force on your body. Thus, the buoyant force on 
your body is your weight in both (a) and (5). 
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Picture the Problem Let m and V represent the mass and volume of your body. Because 
you are in translational equilibrium when you are floating, we can apply the condition for 
translational equilibrium and Archimedes’ principle to your body to express the 
dependence of the volume of water it displaces when it is fully submerged on your 
weight. Let the upward direction be the positive y direction. 


Apply SF, = 0 to your floating body: B-mg=0 


Use Archimedes’ principle to relate B=w, =M;2 = Py (0.96V )g 
the density of water to your volume: 


Substitute to obtain: p,,(0.96V )g —mg =0 
Solve for V: _ m 

0.96—,, 
79 ae 


Picture the Problem Let m and V represent the mass and volume of the block of wood. 
Because the block is in translational equilibrium when it is floating, we can apply the 
condition for translational equilibrium and Archimedes’ principle to express the 
dependence of the volume of water it displaces when it is fully submerged on its weight. 
We’ll repeat this process for the situation in which the lead block is resting on the wood 
block with the latter fully submerged. Let the upward direction be the positive y direction. 


Apply YF, = 0 to floating block: B-mg=0 

Use Archimedes’ principle to relate B=w, =m; = Py (0.68V )g 
the density of water to the volume of 

the block of wood: 

Using the definition of density, ME = Poa! 2 


express the weight of the block in 
terms of its density: 


Substitute to obtain: P, (0.68 )Z — PyooaVZ = 0 


Solve for and evaluate the density of Pwooa = 9-582, = 0.68(10° kg/m’) 
the wood block: = 680 kg/m? 
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Use the definition of density to find 
the volume of the wood: 


Apply YF , = 0 to the floating 


block when the lead block is placed 
on it: 


Use Archimedes’ principle and the 
definition of density to obtain: 


Solve for the mass of the lead block: 


Substitute numerical values and 
evaluate mpy: 
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m 1.5kg 
V= 7 
Pood 680kg/m 


= 2.206x10° m* 


wood __ 


B'-—m'g =0, where B’ is the new 
buoyant force on the block and m’ is the 


combined mass of the wood block and the 
lead block. 


pe (imp, + Moiock )g =0 


Mey = PyV — Moock 


my, = (10° kg/m? }(2.206x 107 m°) 
—1.5kg 


- [706%] 


Picture the Problem The true mass of the Styrofoam cube is greater than that indicated 


by the balance due to the buoyant force acting on it. The balance is in rotational 


equilibrium under the influence of the buoyant and gravitational forces acting on the 


Styrofoam cube and the brass masses. Neglect the buoyancy of the brass masses. Let m 


and V represent the mass and volume of the cube and L the lever arm of the balance. 


Apply > T = 0to the balance: 


Use Archimedes’ principle to 
express the buoyant force on the 
Styrofoam cube as a function of 
volume and density of the air it 
displaces: 


Substitute and simplify to obtain: 
Solve for m: 


Substitute numerical values and 
evaluate m: 


(mg - B)L > Myass BL = 0 


B = PrirVZ 


m— PrirV — Myrass = 0 
m= Pal” ~ Myass 


m =(1.293kg/m’)(0.25m) + 20x 107 kg 
=4.02x107 kg =| 40.2g 
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Picture the Problem Let d;, and d,,, represent the inner and outer diameters of the 


copper shell and /” the volume of the sphere that is submerged. Because the spherical 


shell is floating, it is in translational equilibrium and we can apply a condition for 


translational equilibrium to relate the buoyant force B due to the displaced water and its 


weight w. 


Apply dF, = 0 to the spherical shell: 


Using Archimedes’ principle and the 
definition of w, substitute to obtain: 


Express V’ as a function dou! 


Express m in terms of di, and dou: 


Substitute in equation (1) to obtain: 


Simplify: 


Solve for din: 


Substitute numerical values and 
evaluate diy: 
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B-w=0 

PV'g —mg =0 

or 

p,V'-m=0 (1) 


lz; TE 3 


Vi= out 
2 6 


m = Pou Vou -V,,) 


a a 
_ sal, 24; 
po(2 out 6 in 


Prin Fe po Eat “a, |=0 


+ Padi = Pru (a3, =~ d? ) = 0 
di. out 3 1 Ee 
2 Pou 


Determine the Concept The additional weight on the beaker side equals the weight of 
the displaced water, i.e., 64 g. This is the mass that must be placed on the other cup to 


maintain balance. 
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Picture the Problem We can use the definition of Reynolds number and assume a value 


for Np of 1000 (well within the laminar flow range) to obtain a trial value for the radius 
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of the pipe. We’ll then use Poiseuille’s law to determine the pressure difference between 


the ends of the pipe that would be required to maintain a volume flow rate of 500 L/s. 


Use the definition of Reynolds 
number to relate Np to the radius of 
the pipe: 

Use the definition of /y to relate the 
volume flow rate of the pipe to its 


radius: 


Substitute to obtain: 


Solve for r: 


Substitute numerical values and evaluate r: 


Using Poiseuille’s law, relate the 
pressure difference between the ends 
of the pipe to its radius: 


Substitute numerical values and 
evaluate AP: 


Evaluate AP for a pipe of 50 cm radius: 


NS 2rpv 
7] 


ly 
mr’ 


2 
I, =Av=arv>ve= 


am 2pl,, 
nm Nx 


_ 2(700kg/m’)(0.500m‘/s) 


=27.9 
7(0.8Pa-s)(1000) age 


Pt 8(0.8Pa -s\50km) 6 5993/5) 


(0.279 m)° 
=8.41x10° Pa 
latm 


=8.41x10° Pa x : 
1.01325 x 10° Pa 


= 83.0 atm 
This pressure is too large to maintain in the 
pipe. 


= 8(0.8 Pa -s)(50km) (0.500 m°/s) 
z(0.50m)° 
=8.15x10° Pa 
latm 


= 8.15x10° Pax 


1.01325x10° Pa 
= 8.04atm 
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Picture the Problem We’! measure the height of the liquid—air interfaces relative to the 
centerline of the pipe. We can use the definition of the volume flow rate in a pipe to find 
the speed of the water at point A and the relationship between the gauge pressures at 
points A and C to determine the level of the liquid-air interface at A. We can use the 
continuity equation to express the speed of the water at B in terms of its speed at A and 
Bernoulli’s equation for constant elevation to find the gauge pressure at B. Finally, we 
can use the relationship between the gauge pressures at points A and B to find the level of 
the liquid-air interface at B. 


Relate the gauge pressure in the pipe Prauge a = PRM» 
at A to the height of the liquid-air where /, is measured from the center of 
interface at A: the pipe. 
Solve for ha: se 
h, =—- 
Pgs 
Substitute numerical values and _ (1 22 atm)(I .01x10° Pa/atm) 
evaluate ha: ‘(10° kg/m? 9.81 m/s”) 
=|12.6m 
oo the velocity of the water a ty _ 0.8x10° m?/s ~255m/s 
a Ax 7 (02m) 
4 
Apply Bernoulli’s equation for P,+tpv, =P, +1 pv, (1) 
constant elevation to relate Pg and 
Px: 
Use the continuity equation to relate AyV, = Ag 
vp and va: 
Solve for vz: A a, 2cm) 
vy =v, = yA = Rony. =4yv, 
A, ds ( cm) 


Substitute in equation (1) to obtain: Py +5 pv, =P; +80. 
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Solve for Pp: 


Substitute numerical values and 
evaluate Pp: 


Relate the gauge pressure in the pipe 
at B to the height of the liquid-air 
interface at B: 


Solve for hp: 


Substitute numerical values and 
evaluate hp: 
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5 


2 
2 PVA 


wo 
II 

3U 
| 


P, = (2.22.atm)(1.01x10° Pa/atm) 
—15(10° kg/m? )(2.55m/s) 
=1.75x10° Pa 


latm 


=1.75x10° Pax ———~__ 
1.01x10° Pa 


= 1.733 atm 


F oican = pghy 


ies 


_ ~ gauge,B 
h, =——— 


PS 


[(1.733 —1)atm] [.01» 10° = | 
atm 


B (10° kg/m? )(9.81m/s”) 
=|7.55m 


Picture the Problem We’! measure the height of the liquid—air interfaces relative to the 


centerline of the pipe. We can use the definition of the volume flow rate in a pipe to find 


the speed of the water at point A and the relationship between the gauge pressures at 


points A and C to determine the level of the liquid-air interface at A. We can use the 


continuity equation to express the speed of the water at B in terms of its speed at A and 


Bernoulli’s equation for constant elevation to find the gauge pressure at B. Finally, we 


can use the relationship between the gauge pressures at points A and B to find the level of 


the liquid-air interface at B. 
Relate the gauge pressure in the pipe 


at A to the height of the liquid-air 
interface at A: 


Solve for ha: 


ae = pgh, 


where /i, is measured from the center of 


the pipe. 
h = Flee 
A 


PS 


Substitute numerical values and 
evaluate hy: 


Determine the velocity of the water 
at A: 


Use the continuity equation to relate 


vp and va: 


Solve for vp: 


Apply Bernoulli’s equation for 
constant elevation to relate Pz and 
Px: 


Substitute in equation (1) to obtain: 


Solve for Pp: 


Substitute numerical values and 
evaluate Pp: 


Relate the gauge pressure in the pipe 
at B to the height of the liquid-air 
interface at B: 


Solve for hp: 
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1.22atm)(I.01 10° Pa/atm) 
(10° kg/m? )(9.81 m/s?) 


- [on] 


_ 1, _ 0.6x10° m’/s 
7 (0.02m)’ 
4 


a 


A.V, = Ag, 


0 ed en Vv 
dL ge (Iem)’ ‘ 
=4y, 
1 2 1 2 
Pot zVy = Fo t+z Pv, (1) 


Pot pvy = Py + 8pV5 


P, = (2.22atm)(1.01x10° Pa/atm) 
—15 (10° kg/m’ )(1.91m/s)° 
=1.969x10° Pa 


latm 


=1.969x10° Pa x ——__ 
1.01x10° Pa 


=1.95atm 


Faison = peng 


__ ~ gauge,B 
h, = ee 


=1.91m/s 
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Substitute numerical values and (i 95— Ljatm] 1.01x10° Pa 
evaluate hp: atm 


's = “To kgm? )0.81mis") 


=| 9.78m 


*BG oe 
Picture the Problem Because it is not given, we'll neglect the difference in height 
between the centers of the pipes at A and B. We can use the definition of the volume flow 
rate to find the speed of the water at A and Bernoulli’s equation for constant elevation to 
find its speed at B. Once we know the speed of the water at B, we can use the equation of 
continuity to find the diameter of the constriction at B. 


Use the definition of the volume _ fy - 05x10? m’*/s_ 1.59 m/s 
flow rate to find va: aa A, = 7 02m) come 
Use Bernoulli’s equation for Pi +4 pv, =P. +t pv, 
constant elevation to relate the 
pressures and velocities at A and B: 
2, = 
Solve for v, : y= ee B) fy 
Substitute numerical values and evaluate v, : 
2\(1.187 —0.1)atm(1.01x10° Pa/at 
= ( Jatin SS |. (.59misP = 222 m/s" 
10° kg/m 
Using the continuity equation, relate I = Avg = 2 i Vp 
the volume flow rate to the radius at 
B: 
Solve for and evaluate rg: ie 0.5x107 m?/s soa 
Kk = = =). mm 
2 \rv, 1(14.9m/s) 
and 
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Picture the Problem Let /’ represent the volume of the buoy that is submerged and h’ 
the height of the submerged portion of the cylinder. We can find the fraction of the 
cylinder’s volume that is submerged by applying the condition for translational 
equilibrium to the buoy and using Archimedes’ principle. When the buoy is submerged it 
is in equilibrium under the influence of the tension T in the cable, the buoyant force due 
to the displaced water, and its weight. When the cable breaks, the net force acting on the 
buoy will accelerate it and we can use Newton’s 2™ law to find its acceleration. 


(a) Apply DF , = 0 to the cylinder: B-w=0 
Using Archimedes’ principle and the PoyV'Z —mg = 0 
definition of weight, substitute for B or 
and w: Py ht'Ag —mg = 0 
where A is the cross-sectional area of the 
buoy. 
Solve for and evaluate h’: i= m 
PowA 
Substitute numerical values and jira 600kg 
eae (1.025x10° kgim’)"" (0.9m) 
=0.920m 

Use hi’ to find the height h of the h—-h'=2.6m—0.920m = 
buoy: 
Express the fraction of the volume ae vA 
of the cylinder that is above water: fe 4 Ee _1_4 

4 

oes 
h 
Substitute numerical values to obtain: Pare. 1_ 0.920m _ 64.6% 
V 2.6m 

(b) Apply >| F, = 0 to the B-T-w=0 


submerged buoy: 
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Solve for 7 and substitute for B and 
w to obtain: 


Substitute numerical values and evaluate 7: 


(c) Apply DF, ', = 0 to the buoy: 


Substitute for B — w and solve for a to 
obtain: 


Substitute numerical values and evaluate a: 
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T= B-w= p,,Vg —mg 
=(p,,V —m)g 


T =|(1.025x10° kg/m’) (0.9m) (2.6m) 


— 600 kg](9.81:1m/s? ) 
=|10.7kN 
B-w=ma 
B-w T 
gee 
m m 


10.75 kN 
= — > ** =| 17.9 m/s? 
“600 kg 


Picture the Problem Because the floating object is in equilibrium under the influence of 


the buoyant force acting on it and its weight; we can apply the condition for translational 


equilibrium to relate B and w. Let AA represent the change in elevation of the liquid level 


and V; the volume of the displaced fluid. 


Apply >, = 0 to the floating 
object: 

Using Archimedes’ principle and the 
definition of weight, substitute for B 
and w: 

The volume of fluid displaced is the 
sum of the volume displaced in the 


two vessels: 


Substitute for V; to obtain: 


Solve for Ah: 


PogV; —mg =0 


V, =AV,+AV,, = AAh+3AAh 
= 4AAh 


4),gAAh —mg = 0 


Ah=|—"~ 
4 Ap, 
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Picture the Problem We can calculate the smallest pressure change AP that can be 
detected from the reading Ah from AP = pgAh. 


Express and evaluate the pressure AP = pgAh 
difference between the two columns = (900 kg/m° (9.8 1 m/s”) 
of the manometer: . (0 05x107 m) 

= 0.4415 Pa 
Express this pressure in mmHg and AP - 0.4415 Pa x latm 
umHg: 1.01325x10° Pa 

. 760 mmHg 
latm 

=| 3.31x10° mmHg 

=| 3.31 umHg 
90 oo 
Picture the Problem We can use the 
equality of the pressure at the bottom of the 
U-tube due to the water on one side and 4 
that due to the oil and water on the other to 
relate the various heights. Let 4 represent h 
the height of the oil above the water. Then Mi Hw 
hy = hw + h. | VY) 
Using the constancy of the amount hiw t+ how = 56 cm 


of water, express the relationship 
between /,,, and Any: 


Find the height of the oil-water h,,, =56cm—34cm = 


interface: 


Express the equality of the pressure p,Z(34em)= p, g(22cm)+ 0.78 p, gh,, 
at the bottom of the two arms of the 
U tube: 
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Solve for and evaluate hoi: ee PwS (34 cm) — Pw8 (22 cm) 
. 0.78p,.2 
_ (34 cm)— (22 cm) ete 
0.78 
Find the height of the air-oil h, =22cm+15.4cm =| 37.4cm 


interface hy: 
91 ec 
Picture the Problem Let o, represent the 


specific gravity of the liquid. The specific 


the equality of the pressure at the bottom of 


gravity of the oil is o, = 0.8. We can use TN eee eeeeeeee U 


the U-tube due to the water on one side and 
that due to the oil and water on the other to 


relate the various heights. 


Express the equality of the pressure 0, gh= o,g(h oa! cm) + 0.80, g(12 cm) 
at the bottom of the two arms of the 
U tube: 
Solve for and evaluate oj: pe 0.860, (12cm) _ 0.8(12cm) 
7cm 7cm 
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Picture the Problem The block of wood is in translational equilibrium under the 
influence of the buoyant force due to the displaced water acting on it and on the lead 
block, its weight, and the weight of the lead block. We can use a condition for 
translational equilibrium and Archimedes’ principle to obtain a relationship between the 
mass of the lead block and the densities of water, wood, and lead and the mass of the 
wood block. 


Apply DF, = 0 to the block of wood: Byooa + Bey — Myooak — Mp, ZX = 0 


Use Archimedes’ principle to Byood = PwM wood 
express the buoyant force on the 
block of wood: 


Use Archimedes’ principle to Ba, = Pw yZ 
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express the buoyant force on the 


lead block: 
Substitute and simplify to obtain: PwY wood + PuM p> — "wood — Mp, = 0 
Express the volume of the wood — Mood 
block in terms of its density and —_ Poss 
mass: 
Express the volume of the lead ye ot 
block in terms of its density and ~ Pr 
mass: 
Substitute for Viyoog and Vpy: Lee m 
ea : - Pw t+ 0, re Mood Mp, =0 
Pood Prep 
Solve for : 
Olve fOr Mpp Pw _ pr 
= Prwood 
Mp, = ? 
| ea 
Pro 
: : 1 
ae numerical values and : 7 (0. 5 kg) 
evaluate mpy: - _ 
Mp, = ; 7 =| 0.235kg 
11.3 


*Q3 ce 
Picture the Problem Because the balloon is in equilibrium under the influence of the 
buoyant force exerted by the air, the weight of its basket and load w, the weight of the 
skin of the balloon, and the weight of the helium. Choose upward to be the positive y 
direction and apply the condition for translational equilibrium to relate these forces. 
Archimedes’ principle relates the buoyant force on the balloon to the density of the air it 
displaces and the volume of the balloon. 


(a) Apply > F’, = 0 to the balloon: B-mMgin& — My — W=9 


Letting V represent the volume of the PriVZ — Min & — MyeS —W =O 
balloon, use Archimedes’ principle to 
express the buoyant force: 


Substitute for mye: PriMZ — xin — PuVZ—-Ww=% 
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Solve for V: y ——Main& + W 

(ee — Pue \g 
Substitute numerical values and Ve (1 re) kg)(9.8 m/s” )+ 750N 
evaluate V: (1 .293 —0.1786)(kg/m? (9.81m/s? ) 

=| 70.0m° 
(b) Apply > F’, = ma to the balloon: Br Mo F = MA 
Solve for a: _ 8B 
a=———§& 

Moot 

Assuming that the mass of the skin Meo = Migag + Myo + Mekin 


has not changed and letting V’ Wises y" 
== Pue +m 


skin 


represent the doubled volume of the 
balloon, express mio: 


Substitute numerical values and evaluate mi: 


900 N 
m,,. = ————~ + (0.1786 kg/m’? }{140 m? )+1.5kg =118k 
ene g/m’ 140m? )+1.5kg : 
Express the buoyant force acting on B = Wisplaced fiuid = ee ae 


the balloon: 


Substitute numerical values and evaluate B: B= (1 .293kg/m* (140 m (9.8 1 m/s?) 


=1.78kN 
Substitute and evaluate a: 1.78kN 2 2 
a= —9.81m/s° =| 5.27 m/s 
Te [5.27 m/s? 


94. 
Picture the Problem When the hollow sphere is completely submerged but floating, it is 
in translational equilibrium under the influence of a buoyant force and its weight. The 
buoyant force is given by Archimedes’ principle and the weight of the sphere is the sum 
of the weights of the hollow sphere and the material filling its center. 


Apply » F,, = 0 to the hollow sphere: B-w=0 


Express the buoyant force acting on 
the hollow sphere: 


Express the weight of the sphere 
when it’s hollow is filled with a 
material of density ¢’: 


Substitute to obtain: 


Solve for a’: 


#95 oe 
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B = 2 OV sorereZ = 2Po le x(2R) lg 


— 64 


= & py Rg 


W= PV ictiow eptoreS + O “nation 
= ple (ary —R' fle + pl a’ Je 


— 28 


= 3 pyr R’gt+4p'aR’g 


Picture the Problem We can differentiate the function P(/) to show that it satisfies the 
differential equation dP/P = —C dh and in part (b) we can use the approximation e~* ~ 1 — 


x and Ah << hy to establish the given result. 


(a) Differentiate P(h) = Pye: 


Separate variables to obtain: 


(6) Express P(A + Ah): 


For Ah << ho: 


Let hyp = 1/C. Then: 


Substitute to obtain: 


aP = -CPe 
dh 
=-CP 
Lian gh 
P 


P(h+ Ah) = Peo") 


=P aug 
—~~0 
= Plhje™ 

me <<] 

hy 

CAh << 1 

and 

e ““" =1—CAh -1-2 


P(h+Ah)= rts a 
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(c) Take the logarithm of both sides 


InP=InPe“ =InP, +Ine™ 


of the function P(h): =InP,-Ch 
Solve for C: C= La h 
h P 
Substitute numerical values and 1 P 1 
C = In 0 = In 2 
evaluate C: 5.5km |4P, 5.5km 
=| 0.126km"* 
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Picture the Problem Let V represent the volume of the submarine and V’’ the volume of 
seawater it displaces when it is on the surface. The submarine is in equilibrium in both 
parts of the problem. Hence we can apply the condition for translational equilibrium 
(neutral buoyancy) to the submarine to relate its weight to the buoyant force acting on it. 
We’ll also use Archimedes’ principle to connect the buoyant forces to the volume of 
seawater the submarine displaces. Let upward be the positive y direction. 


(a) Express f, the fraction of the f ro eis La 


(1) 


submarine’s volume above the V 
surface when the tanks are filled 
with air: 


Apply > F, = 0 to the submarine 
when its tanks are full of air: 

Use Archimedes’ principle to 
express the buoyant force on the 
submarine in terms of the volume of 


the displaced water: 


Substitute and solve for V’: m 


Substitute in equation (1) to obtain: f m 


Substitute numerical values and 
evaluate f: 


(6) Express the volume of seawater in 
terms of its mass and density: 


Apply YF , = 0, the condition for 
neutral buoyancy, to the submarine: 
Use Archimedes’ principle to express 
the buoyant force on the submarine in 
terms of the volume of the displaced 


water: 


Substitute to obtain: 


Solve for mMgy: 


Substitute for V, in equation (2) to obtain: 


Substitute numerical values and 
evaluate V,,: 
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Ge 2.4x10° kg 
~~ (1.025x10° kg/m? )(2.4x 10° m°) 


= 2.4410? = 


‘ga (2) 
Psw 

B-Wey — Wey =0 

B= PV 8 


Pave 7 MoS > my, & = 0 
My, = Pak ai Mou 


V. = Dil = Maes, 2 py — sub 
Paw Paw 
2.4x10° kg 
1.025 x 10° kg/m? 


V,, = 2.410? m3 


=| 58.5m? 


Picture the Problem While the loaded crate is under the surface, it is in equilibrium 
under the influence of the tension in the cable, the buoyant force acting on the gold, and 
the gravitational force acting on the gold. The empty crate has neutral buoyancy. When 
the crate is out of the water, the buoyant force of the air is negligible and the tension in 
the cable is the sum of the weights of the crate, the gold bullion, and the seawater. 


(a) Apply DF, = 0 to the crate T+B,,—W,, =90 
while it is below the surface: 
Solve for the tension in the cable: T=Wa, - Ba, 


Using Archimedes’ principle, relate Bay = Pow nr 


the buoyant force acting on the gold 
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to its density and volume: 
Substitute for Ba, and simplify to obtain: T= (Da, coe oe V8 
Substitute numerical values and evaluate T: 


T =|(19.3x10° kg/m*)— (1.025 x10° kg/m’ )|(0.36)(1.4m)(0.75m\(0.5m)(9.81 m/s”) 
=| 33.9kN 


(b) 1. Apply ea = 0 to the crate LW Wee Weg = 0 


while it is being lifted to the deck of 
the ship with none of the seawater 
leaking out: 


Substitute for the weights of the gold, D = Wise F Worse Woy 
crate, and seawater and solve for the = Py Vr & + MerateZ + Pow Vow Z 
tension in the cable and express: = 

P ~ (Px, Vay + M rate + oe ae )g 


Substitute numerical values and evaluate T: 


T =|(19.3x10° kg/m’ )(0.36)(1.4m)(0.75m)(0.5m)+ 32kg + (1.025x10° kg/m’) 
x (0.64)(1.4m)(0.75 m)(0.5m)](9.81 m/s?) 


=| 39.8kN 
2. With the seawater term missing, T= Wa, + Werte 
the expression for the tension is: = Px Vink + MerateZ 


= (2% Vu a MN erate )g 


Substitute numerical values and evaluate T: 


T =|(19.3x10° kg/m? )(0.36)(1.4m)(0.75m)(0.5m)+32kg](9.81m/s?) = 


98 eee 
Picture the Problem In the three situations described in the problem the hydrometer will 
be in equilibrium under the influence of its weight and the buoyant force exerted by the 
liquids. We can use Archimedes’ principle to relate the buoyant force acting on the 
hydrometer to the density of the liquid in which it is floating and to its weight. 


Fluids 1043 


(a) Find the volume of the bulb: Von = 47d? = 17(2.4 cm) = 7.238cm? 
Find the volume of the tube: Vine =H L = 1 7(0.75 cm) (20 cm) 

=8.836cm’ 
Apply SF y= 0 to the hydrometer B-Wyryq — Mp & = 0 
just floating in the liquid: 
Substitute for B and Wotass: PriY nya T~Mos& — Mp = 0 
Solve for mpy: Mp, = Pri nya — Mnya 
Substitute numerical values and Mp, = 0.78(1 g/cm’) 
evaluate my: x (7.238cm? +8.836cm*) 

—7.28¢ 

=|5.26¢ 
(b) Letting V represent the volume Py.Vg —mg =0 
of the hydrometer that is submerged, 
apply DF, = 0 to the hydrometer 
just floating in the liquid: 
Solve for V: jc = Tse + Mpp 

Pw Pw 

i i 28 g+5.2 

Substitute numerical values and yo 7.28 g 2 6 aio sacar 
evaluate V: 1g/cm 
Relate the volume of the hydrometer V =17d2,M'+Vin 
that is submerged to the volume of 
the bulb and the volume of the tube 
that is submerged: 
Solve for h’: h'- eis 

q a Ce 
Substitute numerical values and , 12.54cem* —7.238cm°* 

h'= =12.0cm 


evaluate h’: 170.75 cm) 
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Find the length of the tube that shows 
above the surface of the water: 


(c) Apply DF , = Oto the 
hydrometer floating in the liquid of 
unknown specific gravity: 


Solve for the density of the liquid: 


Express the volume of the displaced 
liquid: 


Substitute numerical values and 
evaluate V: 


Substitute for V_ and mpya and 
evaluate py: 


Express and evaluate the specific 
gravity of the liquid: 


99 eco 


h=20cm—h'=20cm—12.0cm 
=| 8.00cm 


PVE — Mya =O 


Myya 


PL = V, 


= 1 2 yy 
Vie = Vin +47 Eire? 


V, =7.238cem? +42(0.75em)y 
x (20cm —12.2em) 
= 10.68 cm? 


_ 12.54g 


= =1.174¢9/cm°? 
PL 10.68em: 7 


specific gravity joia = Pw =/1.17 
p 


Picture the Problem We can apply Bernoulli’s equation to the top of the keg and to the 


spigot opening to determine the rate at which the root beer exits the tank. Because the 


area of the spigot is much smaller than that of the keg, we can neglect the velocity of the 


root beer at the top of the keg. We’ll use the continuity equation to obtain an expression 


for the rate of change of the height of the root beer in the keg as a function of the its 


height and integrate this function to find / as a function of time. 


(a) Apply Bernoulli’s equation to the 
beer at the top of the keg and at the 
spigot: 


Solve for v2: 


2 
P + Pratt - a Pree” = P, a Precr& My 
2 
+ > Poss 
or, because v; ~ 0, A. =0, P| = P2 = Px, and 
hy = h, 


(b) Use the continuity equation to 
relate v, and vy: 


Substitute —dh/dt for v1: 


Substitute for v. and solve for dh/dt 
to obtain: 


(c) Separate the variables in the 
differential equation: 


Express the integral from h’ = H to 
hand t' =Otot: 


Evaluate the integral to obtain: 


Solve for h: 


(d) Solve A(t) for the time-to-drain 


t’: 


Substitute numerical values and 
evaluate / 
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Av, = A,v, 
dh 
—A, ai = A,v, 


pelt |, ET 63 9K10's 
1074, | 9.81m/s 


- [Thani | 


1046 Chapter 13 


Chapter 14 
Oscillations 


Conceptual Problems 


1 ° 

Determine the Concept The acceleration of an oscillator of amplitude A and frequency 
f is zero when it is passing through its equilibrium position and is a maximum when it is 
at its turning points. 


When v = Vinax: a=|0 
When x = Ximax! a=@ A=| 42’ f’A 
2 e 


Determine the Concept The condition for simple harmonic motion is that there be a linear 
restoring force; i.e., that F = —kx. Thus, the acceleration and displacement (when they are 
not zero) are always oppositely directed. v and a can be in the same direction, as can v and 
x. 


3 ° 
(a) False. In simple harmonic motion, the period is independent of the amplitude. 


(b) True. In simple harmonic motion, the frequency is the reciprocal of the period which, 
in turn, is independent of the amplitude. 


(c) True. The condition that the acceleration of a particle is proportional to the 
displacement and oppositely directed is equivalent to requiring that there be a linear 
restoring force; i.e., F = —kx <> ma = —kx or a = — (k/m)x. 


*4 

Determine the Concept The energy of a simple harmonic oscillator varies as the square 
of the amplitude of its motion. Hence, tripling the amplitude increases the energy by a 
factor of 9. 


5 eo 
Picture the Problem The total energy of an object undergoing simple harmonic motion 
is given by E,,, = 1 kA’, where k is the stiffness constant and A is the amplitude of the 


motion. The potential energy of the oscillator when it is a distance x from its equilibrium 
position is U(x) =1k’. 
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Express the ratio of the potential U(x) 1 kx? _ a 
energy of the object when it is 2 cm E 7 
from the equilibrium position to its 

total energy: 


Evaluate this ratio for x = 2 cm and U(2 cm) (2 cm) 1 
A=4cm: E. (4cmy 4 


U(2cm) _ (2cm)’ 1 


Brot (4 cm) 4 


and| (a) is correct. 


6 ° 
(a) True. The factors determining the period of the object, i.e., its mass and the spring 
constant, are independent of the oscillator’s orientation. 


(b) True. The factors determining the maximum speed of the object, i.e., its amplitude 
and angular frequency, are independent of the oscillator’s orientation. 


7 e 

False. In order for a simple pendulum to execute simple harmonic motion, the restoring 
force must be linear. This condition is satisfied, at least approximately, for small initial 
angular displacements. 


8 ° 
True. In order for a simple pendulum to execute periodic motion, the restoring force must 
be linear. This condition is satisfied for any initial angular displacement. 


*Q ee 

Determine the Concept Assume that the first cart is given an initial velocity v by the 
blow. After the initial blow, there are no external forces acting on the carts, so their 
center of mass moves at a constant velocity v/2. The two carts will oscillate about their 
center of mass in simple harmonic motion where the amplitude of their velocity is v/2. 
Therefore, when one cart has velocity v/2 with respect to the center of mass, the other 
will have velocity —v/2. The velocity with respect to the laboratory frame of reference 
will be +v and 0, respectively. Half a period later, the situation is reversed; one cart will 
move as the other stops, and vice-versa. 


*10 
Determine the Concept The period of a simple pendulum depends on the reciprocal of 
the length of the pendulum. Increasing the length of the pendulum will decrease its period 
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and the clock would run slow. 
11 


True. The mechanical energy of a damped, undriven oscillator varies with time according 
to E = Ee! “ where Ep is the oscillator’s energy at t= 0 and r is the time constant. 


12 
(a) True. The amplitude of the motion of a driven oscillator depends on the driving (@) 


and natural (@p) frequencies according to A = Fy / ‘ m? (ag = w’) +b°@ . When 


@= @p, the amplitude of the motion is a maximum and is given by A= F, / vba . 


(b) True. The width of the resonance curve (Aw) depends on the Q value according to 
Ao/ QO) = 1/ Q. Thus when Q is large, Awis small and the resonance is sharp. 


13. 
Determine the Concept Examples of driven oscillators include the pendulum of a clock, 
a bowed violin string, and the membrane of any loudspeaker. 


14 
Determine the Concept The shattering of a crystal wineglass is a consequence of the 


glass being driven at or near its resonant frequency. | (a) 1s correct. 


*15 
Determine the Concept We can use the expression for the frequency of a spring-and- 
mass oscillator to determine the effect of the mass of the spring. 


If m represents the mass of the 1 |[k 


object attached to the spring ina On Vm 
spring-and-mass oscillator, the 

frequency is given by: 

If the mass of the spring is taken ae | k 
into account, the effective mass is f= on Mere 


greater than the mass of the object 
alone. 


f 1. Ik 


Divide the second of these equations 1 k 
by the first and simplify to obtain: fo 20 Vi Mage lm 
Mee 


227 \m 
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Solve for f': m 


Because f' varies inversely with the square root of m, taking into account the 


effective mass of the spring predicts that the frequency will be reduced. 


16 eo 
Determine the Concept The period of the lamp varies inversely with the square root of 
the effective value of the local gravitational field. 


1. greater than Ty) when B. the train rounds a curve of radius R with 
speed v. 
2. less than Ty when D. the train goes over the crest of a hill of 


radius of curvature R with constant speed. 


3. equal to Ty when A. the train moves horizontally with 
constant velocity. 


C. the train climbs a hill of inclination @ at 
constant speed. 


17 oo 
‘ 1 |k : 
Picture the Problem We can use f = rs to express the frequencies of the two 
a 
mass-spring systems in terms of their masses. Dividing one of the equations by the other 
will allow us to express M, in terms of Mg. 


Express the frequency of mass- 1 k 
spring system A as a function of its fa = 2x \ M, 
mass: 

Express the frequency of mass- 1 k 
spring system B as a function of its fs = 2x M, 
mass: 

Divide the second of these equations fe My, 
by the first to obtain: ¥. 7 M, 


Solve for Ma: f, 4 f, ; 
m,-(4) M,-( ; M,=7M, 
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and | (d) is correct. 


18 
Picture the Problem We can relate the energies of the two mass-spring systems through 
either E = 1 kA’ or E=5M @ A’ and investigate the relationship between their 


amplitudes by equating the expressions, substituting for M,, and expressing A, in terms 
of Ap. 


Express the energy of mass-spring E, =+k,A, =4M,@,A, 
system A: 

Express the energy of mass-spring E, =4+k,A, =+M,@,A, 
system B: 

Divide the first of these equations By i IM ,@, A, 

by the second to obtain: Ee -_ 1M,o, A; 


Substitute for M, and simplify: _ 2M 30, Ay _ 20, A; 


1 = 
M,@,4, OAs 
Solve for Aa: Oo, 
A Ay — B Ag 
2a, 

Without knowing how @, and @p, or ka and 
kg, are related, we cannot simplify this 
expression further. | (d) is correct. 

19 


Picture the Problem We can express the energy of each system using E = +kA’ and, 


because the energies are equal, equate them and solve for Ag. 


Express the energy of mass-spring E,=tk A, 
system A in terms of the amplitude of 

its motion: 

Express the energy of mass-spring E, = +k, As 


system B in terms of the amplitude 
of its motion: 
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Because the energies of the two tk Ay =tkgAs 
systems are equal we can equate 
them to obtain: 
Solve for Aa: lk. 
A, = 7 

Vk 
Substitute for k, and simplify to a k, _ Ag 
obtain: se -y 2k, As = V2 


and | (b) is correct. 


20. ee 
Picture the Problem The period of a simple pendulum is independent of the mass of its 
bob and is given by T = 27,/L/g. 


Express the period of pendulum A: 


Express the period of pendulum B: 


Divide the first of these equations by the De: 1 t, . 
second and solve for La/Lp: 7. be 


Substitute for T, and solve for Lg to aT 
obtain: A 


and | (c) is correct. 


Estimation and Approximation 


21 eo 
Picture the Problem The Q factor for this system is related to the decay constant 7 
through Q = @rt = 2at/ T and the amplitude of the child’s damped motion varies with 


-t/2¢ 


time according to A= A,e ‘’. We can set the ratio of two displacements separated by 


eight periods equal to 1/e to determine 7 in terms of T. 


Express Q as a function of r: awa = (1) 


The amplitude of the oscillations 
varies with time according to: 


The amplitude after eight periods is: 


Express and simplify the ratio Ag/A: 


Set this ratio equal to 1/e and solve 
for T: 


Substitute in equation (1) and 
evaluate Q: 


#22 oe 
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A= Ae 


A, a Aes 
A, _ Ae _ pte 


A Ae" 


Q= =| 87 
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Picture the Problem Assume that an average length for an arm is about 0.8 m, and that it 


can be treated as a uniform stick, pivoted at one end. We can use the expression for the 


period of a physical pendulum to derive an expression for the period of the swinging arm. 


When carrying a heavy briefcase, the mass is concentrated mostly at the end of the pivot 


(i.e., in the briefcase), so we can treat the arm-plus-briefcase as a simple pendulum. 


(a) Express the period of a uniform 
rod pivoted at one end: 


Express the moment of inertia of the 
stick with respect to an axis through 
its end: 


Substitute the values for I and D to 
find T: 


Substitute numerical values and 
evaluate T: 


(b) Express the period of a simple 
pendulum: 


T=22 = 
MgD 


where I is the moment of inertia of the 


stick about an axis through one end, M is 
the mass of the stick, and D (= L/2) is the 


distance from the end of the stick to its 


center of mass. 


I=1MP 
1 2 
Par SME Lo, [24 
\ Mg(5L) 3g 


2(0.8m) 
PS 2730 81mis a ELEY 


= 2a |e 
g 


where L’ is slightly longer than the arm 
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length due to the size of the briefcase. 


Assuming L’' = 1 m, evaluate the 


lm 
period of the simple pendulum: T'=22 ‘Rime = 


From observation of people as they walk, these estimates seem reasonable. 


Simple Harmonic Motion 


23s 
Picture the Problem The position of the particle is given by x = Acos(at +6 ) where A 


is the amplitude of the motion, wis the angular frequency, and 6 is a phase constant. 


(a) Use the definition of w to @ 68" 

=—= =| 3.00H 
determine f: i 2% 2a [3.00H | 
(b) Evaluate the reciprocal of the = i = 1 -1 0.3335 
frequency: 3.00 Hz 


(c) Compare x = (7 cm) cos 67 t to A= 


x = Acos(at + 6): 


(d) x = 0 when cost = 0: at = cos 0= = 


Solve for t: 1 1 
=— =—_ = [ 0.08335 | 
‘ 2(6z) : 


20 
Differentiate x to find v(t): 


d 
v= a (7 cm)cos 6 t| 


= (427 cm/s)sin6zt 


Evaluate v(0.0833 s): 


v(0.0833s) = -(427 cm/s)sin 6(0.0833s) < 0 


Because v < 0, the particle is moving in the negative direction at t = 0.0833 s. 


24 
Picture the Problem The initial position of the oscillating particle is related to the 
amplitude and phase constant of the motion by x, = Acosd where 0 < 6< 2z. 


(a) For Xo = 0: 
(b) For Xp = —A: 
(c) For Xo =A: 


(d) When x = A/2: 


was) C 
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Picture the Problem The position of the particle as a function of time is given 
by x= Acos(at +6 ). Its velocity as a function of time is given by v = —Aasin(at +6 ) 


and its acceleration bya = —Aw”* cos(at +6 ). The initial position and velocity give us 


two equations from which to determine the amplitude A and phase constanto, 


(a) Express the position, velocity, 
and acceleration of the particle as a 
function of t: 


Find the angular frequency of the 
particle’s motion: 


Relate the initial position and 
velocity to the amplitude and phase 
constant: 


Divide these equations to eliminate 
A: 


x = Acos(at + 6) (1) 
v =—Aasin(at +6) (2) 
a =—Aa’ cos(at +6) (3) 


oo AA 
3 
X, = Acosd 
and 


V) = —@Asin 6 


Vo _ ~@Asind _ and 
X,  Acosd 
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Solve for 6 and substitute numerical sf Vo 4 0 
: 6 =tan” | -—~— |=tan” | -—— |=0 
values to obtain: X,@ X,@ 
. . : oo 
Substitute in equation (1) to obtain we (2 sem}ooy [ = ad 
= | (25 cm)cos|(4. 198" )e] | 
b titute i tion (2) t (4 
( ) SUbSubate ta euanon { ) to v=-(25cm an Sa An F 
obtain: 4 3 
=| —(105 om/s)sin|(4.19s~) | | 
(c) Substitute in equation (3) to obtain: An, F An , 
a=~(25cem) —s" | cos|| —s™ |t 
3 3 
=|- (439 cm/s” Jeos[(4.1957 )e] 
26 ° 
Picture the Problem The maximum speed and maximum acceleration of the particle in 
are given by v,,,. = A@ and a,,,, = Aw’. The particle’s position is given by 


X= Acos(at + 5) where A=7 cm, w= 67s ', and 6 = 0, and its velocity is given by 
v=—Aasin(at +6). 


(a) Express Vmax in terms of A and a: Vinax = AO = (7 cm)(6z s) 


= 427 cm/s =| 1.32 m/s 


(b) Express dmax in terms of A and @: i..= Aw = (7 cm)(6z s y 
= 25277 cm/s’ =| 24.9m/s” 
(c) When x = 0: cos at = 0 
and 


3a 


w=os ta 2 
2 2 


1 (a 
Evaluate v at ot = > : v=-Aa sin( = =-Ao 


i.e., the particle is moving to the left. 


32 
Evaluate v at ot = > : 


Solve for t: 


27 oe 
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v=—-Aa sin{ 2 =Aao 


i.e., the particle is moving to the right. 


aE xe SEN pGagg 


30 ers)” 


Picture the Problem The position of the particle as a function of time is given by 
x = Acos(at + 6). Its velocity as a function of time is given by v= —Aasin(at + 6) 


and its acceleration by a= -Aw cos(ct +6 ). The initial position and velocity give us 


two equations from which to determine the amplitude A and phase constant 6. 


(a) Express the position, velocity, 
and acceleration of the particle as 
functions of t: 


Find the angular frequency of the 
particle’s motion: 


Relate the initial position and 


velocity to the amplitude and phase 
constant: 


Divide these equations to eliminate 
A: 


Solve for 6: 


Substitute numerical values and 
evaluate 6: 


Use either the x9 or Vp equation (Xp 1s 
used here) to find the amplitude: 


Substitute in equation (1) to obtain: 


x = Acos(at + 6) (1) 
v= —Aasin(at + 5) (2) 
a=—A@’ cos(at + 6) (3) 


wT EA nae 
T 3 
X) = Acosd 
and 


Vv) =-@Asin 6d 


S=tan7 50cm/s 
(25cm\(4.192s") 


= —0.445rad 


Au_Xo 25cm 


= - =27.7cm 
cos cos(—0.445rad) 


X= | (27.7 cm)cos|(4.195" \e ar 0.445] 
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: : ' ee 4 
(b) Substitute in equation (2) to obtain: ee 07. 7 em} 4a s') 


x il (425 — oes 


=| -(1 16cm/s)sin|(4. 19s" Je = 0.445] 


(c) Substitute in equation (3) to obtain: 


4n i : 4n a 
a =~—(27.7cm) ae COs ae t—0.445 
~| —(486 cm/s Jeos|(4.1957 )—0.445] 


28 oo 

Picture the Problem The position of the particle as a function of time is given 

byx = Acos(at +6 ). We’re given the amplitude A of the motion and can use the initial 
position of the particle to determine the phase constant 6. Once we’ve determined these 
quantities, we can express the distance traveled Ax during any interval of time. 


Express the position of the particle x =(12cm)cos(at + 5) (1) 
as a function of t: 


Find the angular frequency of the Hz 20 = 2a ee 
particle’s motion: T 8s 4 
Relate the initial position of the X, = Acosd 
particle to the amplitude and phase 
constant: 

: x, 0 Zz 
Solve for 6: rg bik ee rg 

A 2 


Substitute in equation (1) to obtain: (1 > ceo ( < a " a 


Express the distance the particle 
travels in terms of tre and t;: 


(a) Evaluate Ax for te= 2 s, t, = 1s: 


(b) Evaluate Ax for t-=4 s, , =2s: 


(c) Evaluate Ax for te= 1 s, t; = 0: 


Ax = 


ax=| 
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(d) Evaluate Ax for ts=2 s, t, = 1 s: 


29 eo 


AX = 


ven fe" Jone 
ofr )ooe5] 


= |(12 cm){-1+ 0.7071} 


=| 3.5lcem 


Picture the Problem The position of the particle as a function of time is given 
by X= (10 cm)cos(at +6 ) . We can determine the angular frequency @ from the period 


of the motion and the phase constant 6 from the initial position and velocity. Once we’ve 


determined these quantities, we can express the distance traveled Ax during any interval 


of time. 


Express the position of the particle 
as a function of t: 


Find the angular frequency of the 
particle’s motion: 


Find the phase constant of the 
motion: 


Substitute in equation (1) to obtain: 


x =(10cm)cos(at + 6) (1) 


x= (10 en)eos (Zs j 
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(a) A graph of x = (10cm) cos ( 5") follows: 


x (cm) 


t (s) 


(b) Express the distance the particle travels in terms of t; and t;: 


Ax = |(10 en)eos( =) “| —(10 en}eos (2 s" ) q 
wafer] 


(2) 


Substitute numerical values in te | tj Ax 
equation (2) and evaluate Ax in each (s) | (s) | (cm) 
of the given time intervals to obtain: 1 | 0 2.93 
2 | 1 | | 7.07 
3 | 2 | | 7.07 
4 | 3 Paes 
*30 


Picture the Problem We can use the expression for the maximum acceleration of an 
oscillator to relate the 10g military specification to the compliance frequency. 


Express the maximum acceleration a, =A@* 
of an oscillator: 
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Express the relationship between o = 2nf 
the angular frequency and the 
frequency of the vibrations: 


Substitute to obtain: nag = 40° Af? 
Solve for f: f I je.. 
nV A 


Substitute numerical values and 1 OR Tmiee 
evaluate f: [= 2x \ 15x102m =| 12.9Hz 


31 we 
Picture the Problem The maximum speed and acceleration of the particle are given by 
Vine = A@ anda,,,. = A@’. The velocity and acceleration of the particle are given by 


max 


v=—Aasin at and a = —Aa’ cos at. 


(a) Find Vmax from A and a: Vinay = A@ = (2.5 m)(z s) 
=| 7.85 m/s 

Find dmax from A and @: d,,.. = A@’ = (2.5 m)(zr 57 y 
=| 24.7 m/s” 

(b) Use the equation for the position 1.5m= (2.5 m)cos at' 


of the particle to relate its position at 
x = 1.5 m to the time (to reach this 


position: 
Solve for zt’: mt' = cos '0.6 = 0.9273 rad 
Evaluate v when zt= zt’: v=—(2.5 m)(z s')sin(0.9273 rad) 
=| —6.28 m/s 
where the minus sign indicates that the 
particle is moving in the negative direction. 
Evaluate a when at = at’: a=-(2.5 m)zr st)’ cos(0.9273 rad) 


[=m | 
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where the minus sign indicates that the 
particle’s acceleration is in the negative 
direction. 


*32 0 

Picture the Problem We can use the formula for the cosine of the sum of two angles to 
write x = Ay cos(@t + 6) in the desired form. We can then evaluate x and dx/dt at t= 0 to 
relate A, and A, to the initial position and velocity of a particle undergoing simple 
harmonic motion. 


(a) Apply the trigonometric identity x = A, cos(at +5) = A,|cos at cos 5 
cos(cut + 5) =cosatcos 6 —sin at sind — sin ot sin 5] 
to obtain: =—A, sin 6 sin wt 
+ A, cos cos at 
=| A sinat + A, cos at 
provided 


A, = —A, sin 6 and A, = A, coso 


(b) Att=0: x(0) =| A, cosd = A, 


Evaluate dx/dt: dx 
VSS = 

dt 
= A,acos at — A,wsin at 


Evaluate v(0) to obtain: v(0) = @A, = 


Simple Harmonic Motion and Circular Motion 


<A sin wt + A, cos at | 
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Picture the Problem We can find the period of the motion from the time required for the 
particle to travel completely around the circle. The frequency of the motion is the 
reciprocal of its period and the x-component of the particle’s position is given 

by x = Acos(at +6). 


(b) Use the definition of speed to T= 2ar = 27(0.4 m) _[314s 
find the period of the motion: Vv 0.8m/s 

(a) Because the frequency and the f = 1 _ 1 ~10318Hz 
period are reciprocals of each other: T 3.14s 


(c) Express the x component of the <= Acos(at ie 5) 
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position of the particle: 


Assuming that the particle is on the A=Acosd=> 6 =cos'1=0 
positive x axis at time t = 0: 


Substitute for A, @, and Sto obtain: = Acos(2zft ) 


= (40cm)cos[(2s7 Md 
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Picture the Problem We can find the period of the motion from the time required for the 
particle to travel completely around the circle. The angular frequency of the motion is 27 
times the reciprocal of its period and the x-component of the particle’s position is given 
by x = Acos(at +6). 


iti 2 2a\1 

(a) Use the definition of speed to — 7 r( 5 cm) =| Si Aenis 
express and evaluate the speed of T 3s 
the particle: 

by E th I locity of 2 2 
(b) Apress e angular velocity o pees ao aa 
the particle: T 3 
(c) Express the x component of the x= Acos(at +6 ) 
position of the particle: 
Assuming that the particle is on the A=Acoséd=> 6 =cos'1=0 


positive x axis at time t = 0: 


Substitute to obtain: 2 
x=| (15 em)oos 22 Ss! ) t 


Energy in Simple Harmonic Motion 


35. 


Picture the Problem The total energy of the object is given by E,,, =4kA’, where A is 


tot 


the amplitude of the object’s motion. 


Express the total energy of the E 
system: 


Substitute numerical values and E.. = 1(4, 5 kN/m)(0. 1 m) - 


evaluate Exot! 
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Picture the Problem The total energy of an oscillating object can be expressed in terms 
of its kinetic energy as it passes through its equilibrium position: E,,, = imv?,,. Its 


maximum speed, in turn, can be expressed in terms of its angular frequency and the 
amplitude of its motion. 


Express the total energy of the E=smv 


2 max 
object in terms of its maximum 
kinetic energy: 
Express Vinax: Vinax = AO = 27Af 
Substitute to obtain: E= 1 m(22Af y =2mA’x’ f? 
Substitute numerical values and E= 2(3 kg)\(0. 1 m) nt (2.4 s 
evaluate E: _[34) 
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Picture the Problem The total mechanical energy of the oscillating object can be 
expressed in terms of its kinetic energy as it passes through its equilibrium position: 
Ey. = SMV, 


tor max 


. Its total energy is also given by E,,, =+kA’. We can equate these 


expressions to obtain an expression for A. 


(a) Express the total mechanical E=>mv 
energy of the object in terms of its 
maximum kinetic energy: 


Substitute numerical values and E =4(1.5kg)(0.7 m/s) =] 0.368) 
evaluate E: 

(b) Express the total energy of the Et = 4kA 

object in terms of the amplitude of 

its motion: 

Solve for A: 2E 


Substitute numerical values and 
Re 2(0.368J) _ 


evaluate A: \ 500 N/m 
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Picture the Problem The total energy of the oscillating object can be expressed in terms 


of its kinetic energy as it passes through its equilibrium position: E,,, = 1mv?.,.. Its total 


energy is also given by E,,, = 1kA’, We can solve the latter equation to find A and solve 


the former equation for Vmax. 
(a) Express the total energy of the E,, = +kA’ 
object as a function of the amplitude 


of its motion: 


Solve for A: QE 


A tot 
k 
Substitute numerical values and 2(0.9J 
evaluate A: ie 2000 N/m _ 
(b) Express the total energy of the Ev = + MV>i nx 
object in terms of its maximum 
speed: 
Solve for Vinax! 2E 
V= tot 
max \ m 
Substitute numerical values and (0. 
A; Vinax = (0.9) =| 0.775 m/s 
evaluate Vinax: \ 3kg 
39s 


Picture the Problem The total energy of the object is given by E,,, = 4kA*. We can 


solve this equation for the force constant k and substitute the numerical data to determine 


its value. 
Express the total energy of the Ey =4 kA’ 
oscillator as a function of the 
amplitude of its motion: 
Solve for k: be 2E ot 
= 

i i 2(1.4 

Substitute numerical values and = ( J ) =|E38iNiin 


evaluate k: (0.045 m) 
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Picture the Problem The total energy of the object is given, in terms of its maximum 


. ; 9 P x 
kinetic energy by E,,, =+mv%,,,. We can express Vmax in terms of A and @ and, in turn, 


express @in terms of dmax to obtain an expression for F,¢ in terms Of Qyax. 


Express the total energy of the E,, = + mv 
object in terms of its maximum 
kinetic energy: 


Relate the maximum speed of the Vinax = AO 
object to its angular frequency: 


Substitute to obtain: B= 1m(Aa) =1mA’o 
Relate the maximum acceleration of Ginax = Aw 
the object to its angular frequency: ir 
oO _ “max 
A 
Substitute and simplify to obtain: 2 Umax 
P y Best = mA A = 7mMAd,,.. 
Substitute numerical values and En = 163 kg \(0.08 m)3 50 m/s” ) 
evaluate Exot: 10.420) 
Springs 
41 
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Picture the Problem The frequency of the object’s motion is given by f = oe m. 
1 


Its period is the reciprocal of its frequency. The maximum velocity and acceleration of an 


object executing simple harmonic motion are v,,,. = A@ and a,,,, = A@’, respectively. 
(a) The frequency of the motion is f 1 [k 
given by: 2 Vm 


Substitute numerical values and 1 A SkKN/m 
evaluate f: = 2 \ ~2.4kg =| 6.89 Hz 
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(b) The period of the motion to is T= 1S 1 10.145 
=—= =| 0.145s 
f 6.8951 


the reciprocal of its frequency: 


(c) Because the object is released A=|0.100m 


from rest after the spring to which it 


is attached is stretched 10 cm: 


(d) Express the object’s maximum Vinax = A@ = 27fA 
speed: 
Substitute numerical values and Vi. =2 1(6.89 gt Jo. Im) =| 4.33m/s 


evaluate Vmax: 


(e) Express the object’s maximum Dinan = AD” = Wyo. = 2M Vina 
acceleration: 
Substitute numerical values and Onax = 2n(6.89 s1)(4.33 m/s) 


evaluate max: [187 mis’ | 
=| 187m/s 
(9 The objost Hirst reaches its (= 47 = 4(0.145s)= [36am | 


equilibrium when: 


Because the resultant force acting a=|0 


on the object as it passes through its 
equilibrium point is zero, the 
acceleration of the object is: 
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Picture the Problem The frequency of the object’s motion is given by f = an m. 
1 


Its period is the reciprocal of its frequency. The maximum velocity and acceleration of an 


object executing simple harmonic motion are v,,,. = A@ and a,,,, = A@’, respectively. 
(a) The frequency of the motion is f 1 [k 
given by: 2 Vm 


Substitute numerical values and 1 700 N/m. 
evaluate f: f “2a Ske =| 1.88 Hz 


(b) The period of the motion is the 
reciprocal of its frequency: 


(c) Because the object is released 
from rest after the spring to which it 
is attached is stretched 8 cm: 


(d) Express the object’s maximum 
speed: 


Substitute numerical values and 
evaluate Vmax: 


(e) Express the object’s maximum 


acceleration: 


Substitute numerical values and 
evaluate Amax! 


(f) The object first reaches its 
equilibrium when: 


Because the resultant force acting 
on the object as it passes through its 
equilibrium point is zero, the 
acceleration of the object is: 


43° 
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1 1 
rary rg nl 
A=|0.0800m 


Vinax = AO = 27fA 


Vue = 277(1.888"')(0.08m) =| 0.945 mis | 


max 


=| 11.2m/s* 
t= 47 = $(0.531s)=[ 0.1335 | 
o-[2] 


d,,., = 2n(1.88s)(0.945 m/s) 


Picture the Problem The angular frequency, in terms of the force constant of the spring 


and the mass of the oscillating object, is given by Oo = k/m. The period of the motion is 


the reciprocal of its frequency. The maximum velocity and acceleration of an object 


executing simple harmonic motion are V,,,,, = A@ and a 


(a) Relate the angular frequency of 
the motion to the force constant of 
the spring: 


Substitute numerical values to 
obtain: 


= Aa’, respectively. 


max 


or 
k=mo’ =427 f’m 


k = 42?(2.4s")’ kg) = 
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(b) Relate the period of the motion T= 3 = 1 -| 0.417s 
f 2.45! 


to its frequency: 


(c) Express the maximum speed of Vinax = A@ = 27fA 

the object: 

Substitute numerical values and Venez = 2 n(2.4 e 10 1m)=| 1.51m/s 
evaluate Vinax! 

(d) Express the maximum Ginax = A@ =4z” f 7A 

acceleration of the object: 

Substitute numerical values and a... =4n’ (2.457 is (0. Im) =| 22.7m/s2 


evaluate max: 
Picture the Problem We can find the frequency of vibration of the car-and-passenger 


k 
system using f = or’ where M is the total mass of the system. The spring 
a 


constant can be determined from the compressing force and the amount of compression. 


Express the frequency of the car- 1 |{k 

and-passenger system: = VM 

Express the spring constant: a a me) 
Ax Ax 


where m is the person’s mass. 


Substitute to obtain: _ 1 | mg 

~ 2m V MAx 
Substitute numerical values and f 1 (85 kg)(9.8 1m/s’ ) 
evaluate f: ~ Qn \ (2485kg)(2.35x107? m 


- [aor 


45 
Picture the Problem We can relate the force constant k to the maximum acceleration by 


eliminating @ between w° =k /manda,,,, = Aq’. We can also express the frequency f 


max 


1 
of the motion by substituting Mdmax/A for kin f = ae —, 


(a) Relate the angular frequency of 
the motion to the force constant and 
the mass of the oscillator: 


Relate the object’s maximum 
acceleration to its angular frequency 
and amplitude and solve for the 
square of the angular frequency: 


Substitute to obtain: 


Substitute numerical values and 
evaluate k: 


(b) Replace @ in equation (1) by 2f 
and solve for f to obtain: 


Substitute numerical values and 
evaluate f: 


(c) The period of the motion is the 
reciprocal of its frequency: 


4 
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k 
aNm 
@ =—ork=@’m 
m 
= 2 
Oinax Ao 
or 
> a 
(a) max 
A 
k — MQ vax 
A 


(1) 


ee 


f 


1 
~ In \3.8x10?m = Gm 


T 1 1 


Ff 4.1687 


Picture the Problem We can find the frequency of the motion from its maximum speed 


and the relationship between frequency and angular frequency. The mass of the object 


can be found by eliminating @ between @° =k/m and v 


(b) Express the object’s maximum 
speed as a function of the frequency 
of its motion: 


Solve for f: 


Substitute numerical values and 
evaluate f: 


= Ao. 


max 


Vinax = AO = 27fA 


f = Vmax 


7 2.2m/s 
~ Qa(5.8x10°m) 


f 


(1) 


=| 6.04Hz 
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(a) Relate the square of the angular 2_k k (2) 
frequency of the motion to the force m 7) 
constant and the mass of the object: 


Eliminate @ between equations (1) ie kA’ 

and (2) to obtain: 7 Vu: 

Substitute numerical values and (1 8x10? Nin) (5 &x107 m) 
evaluate m: an 2 m/s) 


=| 1.25kg 
(c) The period of the motion is the T= i _ 1 el @raGe 
f 6.045! 


reciprocal of its frequency: 


47 
Picture the Problem The maximum speed of the block is given by v,,,, = A@ and the 


angular frequency of the motion is @ =./k/m =5.48rad/s . We’ll assume that the 
position of the block is given by xX = Acos at and solve for at for x = 4 cm and x = 0. We 


can use these values for at to find the time for the block to travel from x = 4 cm to its 
equilibrium position. 


(a) Express the maximum speed of Vinax = A@ 
the block as a function of the 
system’s angular frequency: 


Substitute numerical values and Vinax = (0.08 m)(5.48 rad/s) 


evaluate Vmax: =| 0.438m/s 


A 
5 = Acos at > aot = cos : 


(b) Assuming that x = Acos at, 1 
evaluate ot for x = 4 cm = A/2: 2 


Evaluate v for wt = 27/3: 


max 


v3 
= (0.438m/s)—— =| 0.379 m/s 


Express a as a function of Vinax and a= Aa’ cosat = Vinax 2 COS Cot 


V =Vinax SIN Ct = (0.438m/s)sin = 


QO: 
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Substitute numerical values and = (0. 438 m/s)(5. AR rad /s)cos ua 
evaluate a: 3 


=| 1.20m/s” 


a, E at 
(c) Evaluate at for x = 0: O= Keates eso oe => 


Let At = time to go from at = 77/3 to 
cot = 71/2. Then: 


Solve for and evaluate At: oa 
At = = =| 95.5ms 
6@  6(5.48rad/s) 


ota" = 
2 2 


aA 


7 
Picture the Problem Choose a coordinate system in which upward is the positive y 
direction. We can find the mass of the object using m= k/ @ . We can apply a condition 


for translational equilibrium to the object when it is at its equilibrium position to 
determine the amount the spring has stretched from its natural length. Finally, we can use 
the initial conditions to determine A and dO and express x(t) and then differentiate this 
expression to obtain v(t) and a(t). 


(a) Express the angular frequency of 2_k k 
the system in terms of the mass of m o 
the object fastened to the vertical 

spring and solve for the mass of the 


object: 
Express @ in terms of f: @ =4n’ f° 
Substitute to obtain: —_ k 
An’ f? 

. fs 1 N 
Substitute numerical values and we 800 N/m _ L.51ke 
evaluate m: Ar’ (5 5 s*) 
(b) Letting Ax represent the amount kAx —mg = 0 


the spring is stretched from its 
natural length when the object is in 
equilibrium, apply DF y = 0 to the 


object when it is in equilibrium: 
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Solve for Ax: Rae mg 

k 
ri : 2 

Substitute numerical values and ies (1 eS, 1kg)(9.81m/s ) = ogee 

evaluate Ax: 1800 N/m 

(c) Express the position of the object x = Acos(at + 5) 

as a function of time: 

Use the initial conditions 4 Vo 4j 

(Xo = —2.5 cm and vo = 0) to find 6: gee [- 2] =ta ot 

Evaluate a: k 1800N 

valuate w: o= | _ 800 /M. _ 34 Srad/s 

m 1.51kg 

Substitute to obtain: s= (2.5 cm )cos|(34.5 rad/s)t + n| 


=| —(2.5em)cos|(34.5rad/s)t| 


Differentiate x(t) to obtain v: v= | (86.4 cm/s)sin|(34.5 rad/s)t| 
Differentiate v(t) to obtain a: a= (29.8m/s? Jeos[(34.5 rad/s)t] 
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Picture the Problem Let the system include the object and the spring. Then, the net 
external force acting on the system is zero. Choose E; = 0 and apply the conservation of 
mechanical energy to the system. 


Express the period of the motion in T- 20 (1) 
terms of its angular frequency: 7) 
Apply conservation of energy to the E; = E,or O=U, +U ging 
system: 
Substitute for U, and Uspring’ 0 =—mgAx ++ k(Ax)’ 
Solve for @ = k/m: Be k = 2g 
m Ax 
Substitute numerical values and 2 2(9.81m/s" ] — 574 rad/s 


2. oO = —2 
evaluate a: 3.42x10~m 
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. . . oh a 2: 
Substitute in equation (1) to obtain: T us -10.262s 


574rad/s” 
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Picture the Problem Let the system include the object and the spring. Then the net 
external force acting on the system is zero. Because the net force acting on the object 
when it is at its equilibrium position is zero, we can apply a condition for translational 
equilibrium to determine the distance from the starting point to the equilibrium position. 
Letting E; = 0, we can apply conservation of energy to the system to determine how far 
down the object moves before coming momentarily to rest. We can find the period of the 
motion and the maximum speed of the object from T = 2n,/m/k and v.,, = AVk/m. 


(a) Apply > F, = 0) to the object ky, —mg =0 
when it is at the equilibrium 

position: 

Solve for yo: mg 


aes 


Substitute numerical values and (1 kg)(9.8 1m/s* ) 
= =| 3.92 
evaluate yo: Yo 250 N/m 


(b) Apply conservation of energy to E, = E; 
the system: or 

0 = U, + U as 
Substitute for U, and Uspring: 0 =—mgy, ++ky; 
Solve for ye: _ 2mg 

Jee os 


Substitute numerical values and _ 2(1 kg)(9.8 1m/s” ) a 
evaluate ys: Je = 250N/m = 


(c) Express the period T of the m 
T=27 7 


motion in terms of the mass of the 
object and the spring constant: 
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Substitute numerical values and lkg 

evaluate T: ag 250N/m oe 
(d) The object will be moving with k 

: . : v_ = Ao = A,|— 

its maximum speed when it reaches man m 


its equilibrium position: 


Substitute numerical values and 250 N/m 

Vinay = (3.92em) 
evaluate Vinax! ia lkg 

=| 62.0cm/s 

(e) The time required for the object to t=if= 4(0.397 s) =| 99.3ms 
reach equilibrium is one-fourth of its 
period: 
51 oe 


Picture the Problem The stunt woman’s kinetic energy, after 2 s of flight, is 

K,, =4mv;,. We can evaluate this quantity as soon as we know how fast she is moving 
after two seconds. Because her motion is oscillatory, her velocity as a function of time is 
v(t ) = —Aasin(at +6). We can find the amplitude of her motion from her distance of 
fall and the angular frequency of her motion by applying conservation of energy to her 
fall to the ground. 


Express the kinetic energy of the K,,= + mv;, (1) 

stunt woman when she has fallen for 

2s: 

Express her velocity as a function of v(t) = —Aasin(at +6 ) 

time: where 5= 0 (she starts from rest with 
positive displacement) and 
A=1(192m)=96m 
“. V(t) = (96 mo sin(at) (2) 

Letting E; = 0, use conservation of O=U, + U gastic 

energy to find the force constant of ae 

: ; , 
the elastic band: 0 =—mgh+1kh? =0 
Solve for k: b= 2mg 


Substitute numerical values and 
evaluate k: 


Express the angular frequency of 


her motion: 


Substitute numerical values and 


evaluate a: 


Substitute in equation (2) to obtain: 


Evaluate v(2 s): 


Substitute in equation (1) and 
evaluate K(2 s): 
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Picture the Problem The diagram shows 
the stretched bungie cords supporting the 
suitcase under equilibrium conditions. We 


1 {k 
canuse f =—.|/—“ to express the 
27 \M 


frequency of the suitcase in terms of the 
effective "spring” constant keg and apply a 
condition for translational equilibrium to 
the suitcase to find kerr. 


Express the frequency of the 
suitcase oscillator: 


Apply >, F,, =0 to the suitcase to 


obtain: 
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2 
, — A60ks)(9.81m/s") aye 
192m 
ue | 
Vm 
O= Cea = 0.320rad/s 
\ 60kg 


v(t) = -(96m)(0.320 rad/s) 
x sin|(0.320rad/s)¢] 
= (30.7 m/s)sin|(0.320rad/s)t] 


v(2s) = (30.7 m/s)sin|(0.320rad/s)(2s)| 
=18.3m/s 


K(2s)=+4(60kg)(18.3m/s) =| 10.1kJ 


Mg 


= 1 K oe 
aM 
kx + kx — Mg = 0 
or 
2kx — Mg =0 
or 
kX — Mg =0 


where kere = 2k 
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Solve for keg to obtain: — Mg 

eff x 
Substitute to obtain: 1 {g 

f-—,% 

2m \ x 

Substitute numerical values and 1 |9.81m/s* 
evaluate f- f= 2 0.05m ge cca 
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Picture the Problem The frequency of the motion of the stone and block depends on the 
force constant of the spring and the mass of the stone plus block. The force constant can 
be determined from the equilibrium of the system when the spring is stretched 
additionally by the addition of the stone to the mass. When the block is at the point of 
maximum upward displacement, it is momentarily at rest and the net force acting on it is 
its weight. 


(a) Express the frequency of the f 1 k 


motion in terms of k and m: (OR Moy 
0 


where mi is the total mass suspended from 


the spring. 

Apply DF y = 09 to the stone when kAy —mg =0 
it is at its equilibrium position: 
Solve for k: ieee EY. 

Ay 
Substitut ical values and : 

ubstitute numerical values an jeu (0 03kg)(9 81m/s ) 5 89N/m 

evaluate k: 0.05m 


Substitute and evaluate f.: 1 {5.89 N/m 
=— _|/———— =| 0.997 Hz 
om ence 
(b) The time to travel from its lowest 4 1 1 
t=1iT= = =| 0.502s 
" 2f  2(0.997s") 


point to its highest point is one-half its 


period: 


(c) When the stone is at a point of 
maximum upward displacement: 
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= mg = (0.03kg)(9.81m/s") 


=| 0.294N 


F 


net 


Picture the Problem We can use the maximum acceleration of the oscillator 


a... =A@’ to eXPTeSS Gmax In terms of A, k, and m. k can be determined from the 


max 


equilibrium of the system when the spring is stretched additionally by the addition of the 


stone to the mass. If the stone is to remain in contact with the block, the block’s 


maximum downward acceleration must not exceed g. 


Express the maximum acceleration 
in terms of the angular frequency 
and amplitude of the motion: 


Relate w to the force constant and 
the mass of the stone: 


Substitute to obtain: 

Apply » F, =0 to the stone when 
y 

it is at its equilibrium position: 

Solve for k: 

Substitute numerical values and 

evaluate k: 


Substitute numerical values to 
eXPFeSS Gmax in terms of A: 


Set Gmax = g and solve for Ajax: 


Substitute for g and evaluate Ajax: 


Ginax a Aw’ 
es 
m 
k 
Ginax = ee 
m 
kAy —mg =0 
fe. 
Ay 
2 
j, _(0.03ke)0-81m/s*) oo 
0.05m 
doa A Goes \a 
0.15kg 
= 
Prax = 39 35 
9.81m/s 
= ——— =| 25.0cm 
Aras = 39353 
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Picture the Problem The maximum height above the floor to which the object rises is 


the sum of its initial distance from the floor and the amplitude of its motion. We can find 


the amplitude of its motion by relating it to the object’s maximum speed. Because the 


object initially travels downward, it will be three-fourths of the way through its cycle 


when it first reaches its maximum height. We can find the minimum initial speed the 


object would need to be given in order for the spring to become uncompressed by 


applying conservation of energy. 


(a) Relate h, the maximum height 
above the floor to which the object 
rises, to the amplitude of its motion: 


Relate the maximum speed of the 
object to the angular frequency and 
amplitude of its motion and solve 
for the amplitude: 


Using its definition, express and 
evaluate the force constant of the 
spring: 


Substitute numerical values in 
equation (2) and evaluate A: 


Substitute in equation (1) to obtain: 


(b) Express the time required for the 
object to reach its maximum height 
the first time: 


Express the period of the motion: 


Substitute numerical values and 
evaluate T: 


Substitute to obtain: 


h=A+5.0cm (1) 
Vmax = A@ 
or 


jm 
A=v — 2 
max k ( ) 


2 
9 (2kg\9.81m/s | eis 
Ay 0.03m 


A=(iwiy le 66a 
654N/m 


h=1.66cm+5.00cm =| 6.66cm 


(c) Because h < 8.0 cm: 


Using conservation of energy and 
letting U, be zero 5 cm above the 
floor, relate the height to which the 
object rises, Ay, to its initial kinetic 
energy: 


Because Ay=L—y,: 


Solve for and evaluate v; for 
Ay =3 cm: 
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the spring is never uncompressed. 


AK + AU, +AU, =0 


or, because Ks = U; = 0, 
Lmv; —mgAy +4k(Ayy 


“2 (L—y,) =0 


smv; —mgAy ++k(Ayy —Fk(Ay) =0 
and 
+ mv; — mgAy =0 


¥ =, 2ghy = 2(9.81m/s? 3 cm) 
= 0.767 m/s 


i.e., the minimum initial velocity that must 


be given to the object for the spring to be 
uncompressed at some time is 


0.767 m/s 


Picture the Problem We can relate the elongation of the cable to the load on it using the 


definition of Young’s modulus and use the expression for the frequency of a spring and 


mass oscillator to find the oscillation frequency of the engine block at the end of the wire. 


(a) Using the definition of 
Young’s modulus, relate the 
elongation of the cable to the 
applied stress: 


Solve for AZ: 


Substitute numerical values and 
evaluate A?: 


(b) Express the oscillation 
frequency of the wire-engine block 
system: 


y — Stress _ F/A 
strain Aé/¢ 


Nee 
AY AY 
ie (950kg)(9.81m/s? )(2.5m) 
(15cm? )(150GN/m’) 
=| 1.04mm 
a fee 
i=57 M 
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Express the effective spring” — #. = Mg 

constant of the cable: AL AE 

Substitute to obtain: f 1 ra 
Qn VAL 


Substitute numerical values and 1 |9.81m/s? 
evaluate f: I= \ eden 15.5 Hz 


Energy of an Object on a Vertical Spring 


57 ee 
Picture the Problem Let the origin of our coordinate system be at yo, where yo is the 
equilibrium position of the object and let U, = 0 at this location. Because F',.; = 0 at 
equilibrium, the extension of the spring is then yo = mg/k, and the potential energy stored 
in the spring is U, = +kyo . A further extension of the spring by an amount y increases U, 


to 1k(y + Vo y =1ky* + kyy, + ky, =1ky’ +mgy ++ky;. Consequently, if we set 


U=U, + U,=0, a further extension of the spring by y increases U, by “ky” + mgy while 
decreasing U, by mgy. Therefore, if U = 0 at the equilibrium position, the change in U is 


given by 1k(y'), where y' =y -Yo. 


(a) Express the total energy of the E= 1 kA’ 
system: 
Substitute numerical values and E= 4+(600 N/m)(0.03 m) =| 0.270] 
evaluate E: 
(b) Express and evaluate U, when U, =—mgA 
the object is at its maximum _ (2.5 kg)(9.8 1m/s” )(0.03 m) 
downward displacement: [0.7365 | 
=| —0.736J 
(c) When the object is at its U,= 1A’ +mgA 
maximum downward displacement: a (600 N /m) (0 03 m) 
=1 , 


+(2.5kg)(9.81m/s?)(0.03m) 


=| 1.01J 
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(d) The object has its maximum K_,. =4+kA’ = 4+(600 N/m)(0.03 m) 


=| 0.270J 


kinetic energy when it is passing 
through its equilibrium position: 


58 ee 

Picture the Problem Let the origin of our coordinate system be at yo, where yo is the 
equilibrium position of the object and let U, = 0 at this location. Because Fy. = 0 at 
equilibrium, the extension of the spring is then yo = mg/k, and the potential energy stored 
in the spring is U, = tky> . A further extension of the spring by an amount y increases U, 


to Lk(y+y,) =4ky’ +kyy, +Lkye = 4ky’ +mgy + 4ky;. Consequently, if we set 
U=U, + U,=0, a further extension of the spring by y increases U, by “ky” + mgy while 
decreasing U, by mgy. Therefore, if U = 0 at the equilibrium position, the change in U is 
given by Lk(y'f, where y’ = y —yo. 


(a) Express the total energy of the system: E= +kA’ 


Letting Ay represent the amount the kAy —mg =0 
spring is stretched from its natural 

length by the 1.5-kg object, apply 

>» F, = ma, to the object when it is 


in its equilibrium position: 


Solve for k: ea: 

Ay 
Substitute for k to obtain: E= mgA° 

2Ay 
Substitute numerical values and E= (1 a kg)(9.8 1m/s? )(0.022 m) 
evaluate E: 7 2(0.028 m) 
=| 0.127] 

(b) Express U, when the object is at U, =—mgA 
its maximum downward 
displacement: 
Substitute numerical values and U,= (1 =) kg)(9.8 m/s” )(0.022 m) 


evaluate U,: = 
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(c) When the object is at its maximum U,= 1A’ +mgA 
downward displacement: 


U, = 4(526N/m)(0.022m/y 
+(1.5kg)(9.81m/s?)(0.022 m) 


- [08] 


(d) The object has its maximum Ko = 1 kA? 
= 1(526N/m)(0.022m)’ 


-[0] 


Substitute numerical values and 
evaluate U;: 


kinetic energy when it is passing 
through its equilibrium position: 


*5Q9 ee 
Picture the Problem We can find the amplitude of the motion by relating it to the 
maximum speed of the object. Let the origin of our coordinate system be at yo, where yo is 
the equilibrium position of the object and let U, = 0 at this location. Because Fe = 0 at 
equilibrium, the extension of the spring is then yo = mg/k, and the potential energy stored 
in the spring is U, = 1ky; . A further extension of the spring by an amount y increases U, 


to 1k(y + Vo y =1ky* +kyy, +ky, =1ky’ +mgy +1+ky,. Consequently, if we set 
U=U, + U, = 0, a further extension of the spring by y increases U, by ky’ + mgy while 
decreasing U, by mgy. Therefore, if U = 0 at the equilibrium position, the change in U is 


given by 1k(y'), where y’ = y —Yo. 
(a) Relate the maximum speed of 
the object to the amplitude of its 


motion: 


Solve for A: 


Substitute numerical values and 
evaluate A: 


(b) Express the energy of the object 
at maximum displacement: 


Substitute numerical values and 
evaluate E: 


max ~_ 


A=(03m/)|1288_ [7 90cm | 


E=1kA° 


E =4(300N/m)(0.019m) =| 0.0542] 
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(c) At maximum displacement from U, =—mgA 
equilibrium: 
Substitute numerical values and U,= -(1 2 kg)(9.8 1m/s? \(0.0 19 m) 


evaluate U,: 


(d) Express the potential energy in U, =4kA’ +mgA 
the spring when the object is at its 
maximum downward displacement: 


Substitute numerical values and U,=4 (3 00 N/m) (0.0 19 my 
evalhate Us +(1.2kg)(9.81m/s?)(0.019 m) 


=| 0.278] 


Simple Pendulums 
60 ° 
Picture the Problem We can determine the required length of the pendulum from the 


expression for the period of a simple pendulum. 


Express the period of a simple pendulum: L 
T =22,|— 
g 


Solve for L: T’g 


Substitute numerical values and evaluate L: (5 s) (9.8 1m/s” ) 
L= — Ae =| 6.21m 


61 
Picture the Problem We can find the period of the pendulum from T = 27,/L/G moon 


where Qyoon =G9 andL=6.21 m. 


Express the period of a simple L 
pendulum: g 


Substitute numerical values and 621m 
evaluate T: T=22 1(9.81mis? = 
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62 ° 
Picture the Problem We can find the value of g at the location of the pendulum by 
solving the equation T = 27,/L/g for g and evaluating it for the given length and 


period. 
Express the period of a simple L 

T =227,|— 
pendulum: g 
Solve for g: _ An’ L 

g _ T? 
Substitute numerical values and An? (0.7 m) 5 

= ————— =| 9.79 m/s 

evaluate g: 2 (I .68 s) [ 9.79 m/s? 
*63 ° 
Picture the Problem We can use T = 277,/L/g_to find the period of this pendulum. 
Express the period of a simple L 

T =27,|— 
pendulum: g 
Substitute numerical values and 34m 
evaluate T: Tian 9.81m/s2 _ 
64 ee 
Picture the Problem The figure shows the 
simple pendulum at maximum angular 
displacement ¢. The total energy of the 
simple pendulum is equal to its initial 
gravitational potential energy. We can 
apply the definition of gravitational 
potential energy and use the small-angle 
approximation to show that E ~ +mgL db, : > + 

={ - T u.=0 

Express the total energy of the simple E=  edeligamend = mgh 
pendulum at maximum displacement: = mg Lil —~cos d, | 


For ¢<< 1: cos¢x1—-+¢" 
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Substitute and simplify to obtain: E=mgL I - (1 —t db, ) = 


65 eo 

Picture the Problem Because the cart is 
accelerating down the incline, the period of 
the simple pendulum will be given by 


T= 20) L/G ose where Gerris less than g 


by the acceleration of the cart. We can 
apply Newton’s 2” law to the cart to find 
its acceleration down the incline and then 


subtract this acceleration from g to find ger. 


Express the period of a simple L 
pendulum in terms of its length and D ete 
the effective value of the 

acceleration of gravity: 


Relate ger to the acceleration of the Ger =G-a 
cart: 
Apply >, F,, = ma, to the cart and mg sin 0 = ma 
solve for its acceleration: and 
a=gsin0@ 
Substitute to obtain: L L 
T=22 =22 - 
g-a g-gsind 
L 
=| 2x 
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66 
Picture the Problem The figure shows the 
simple pendulum at maximum angular 
displacement @p. We can express the 
angular position of the pendulum’s bob in 
terms of its initial angular position and 
time and differentiate this expression to 
find the maximum speed of the bob. We 


can use conservation of energy to find an 
exact value for Vmax and the approximation 
cos¢~1—+ ¢° to show that this value 


reduces to the former value for small ¢. 


(a) Relate the speed of the _, do 
; v= L— (1) 

pendulum’s bob to its angular dt 
speed: 
Express the angular position of the ~ = g, cos at 
pendulum as a function of time: 

. . . . d : 
Differentiate this expression to dg =—g,asin at 
express the angular speed of the dt 
pendulum: 


v=—L@,osin ot =—v,,,, Sin ot 


max 


Substitute in equation (1) to obtain: 


Simplify Vinax to obtain: 


(b) Use conservation of energy to AK +AU =0 
relate the potential energy of the or, because K, = U, = 0, 
pendulum at point 1 to its kinetic K,—-U,=0 


energy at point 2: 


Substitute for K, and U;: 


Express h in terms of L and ¢p: 


Substitute for h and solve for 
V2 = Vmax to obtain: 


+mv; —mgh=0 


h=L(l—cos¢,) 


(c) For @ << 1: 


Substitute in equation (2) to obtain: 


(d) Express the difference in the 
results from (a) and (b): 


Using @ = 0.20 rad and L = 1 m, 
evaluate the result in (b): 


Using @ = 0.20 rad and L = 1 m, 
evaluate the result in part (a): 


Substitute in equation (3) to obtain: 


Physical Pendulums 


67 ° 
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1-—cos@, wig? 


Vix = V29LE 2) =| df GL 


in agreement with our result in part (a). 


Av = Veneta ~ Vinax,b (3) 

Vax» = ¥ 2(9.81m/s? ](1m)(1—cos0.2 ) 
= 0.6254 m/s 

Vig. g = (0.20rad),/(9.81m/s? Yim) 
= 0.6264 m/s 


Av = 0.6264 m/s — 0.6254 m/s 


= 0.001m/s =| 1.00mm/s 


Picture the Problem The period of this physical pendulum is given by 
T =22,/I/MgD where I is the moment of inertia of the thin disk with respect to an 


axis through its pivot point. We can use the parallel-axis theorem to express I in terms of 


the moment of inertia of the disk with respect to its center of mass and the distance from 


its center of mass to its pivot point. 


Express the period of physical 
pendulum: 


Using the parallel-axis theorem, find 
the moment of inertia of the thin 
disk about an axis through the pivot 
point: 

Substitute to obtain: 


Substitute numerical values and 
evaluate T: 


T=22 —- 
MgD 


I =I,,, + MR? =4MR? + MR° 
= 3MR’ 
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68 

Picture the Problem The period of this physical pendulum is given by 

T =2z.,/I/MgD where I is the moment of inertia of the circular hoop with respect to an 
axis through its pivot point. We can use the parallel-axis theorem to express I in terms of 
the moment of inertia of the hoop with respect to its center of mass and the distance from 

its center of mass to its pivot point. 


Express the period of the physical T=2 I 
pendulum: aie MgD 
Using the parallel-axis theorem, find I =I, + MR* = MR’ + MR? = 2MR’ 


the moment of inertia of the circular 
hoop about an axis through the pivot 


point: 
Substitute to obtain: 2 
T=22 ave =27n ah 
\ MgR g 
Substitute numerical values and 2(0. 5 m) 
evaluate T: T= ae 6 Sime =| 2.01s 
69 e 


Picture the Problem The period of a physical pendulum is given by 
T =2z2,/I/MgD where I is its moment of inertia with respect to an axis through its 


pivot point. We can solve this equation for J and evaluate it using the given numerical 
data. 


Express the period of the physical T=2 I 
pendulum: =e MgD 
Solve for I: I= MgDT’ 
An? 
Substitute numerical values and l= (3 kg)(9.8 1m/s’ Jo. 1m)(2.6s) 
evaluate I: 7 Ar 


=| 0.504kg-m? 
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#70 ee 
Picture the Problem We can use the expression for the period of a simple pendulum to 
find the period of the clock. 


(a) Express the period of a simple le 
T =27,|— 
pendulum: Vg 
Substitute numerical values and 4m 
evaluate T: == aa 9.81m/s? 
b) By effectively raising the center of mass of the pendulum, placing coins 
in the tray shortens the period. 
71 oo 


Picture the Problem Let x be the distance of the pivot from the center of the rod, m the 
mass at each end of the rod, and L the length of the rod. We can express the period of the 
physical pendulum as a function of the distance x and then differentiate this expression 
with respect to x to show that, when x = L/2, the period is a minimum. 


(a) Express the period of a physical I 
T =2z,|——_ (1) 
pendulum: MgD 
Express the moment of inertia of the LY Ly ‘ 
‘ : =m —| +m —| =4mL 
dumbbell with respect to an axis cm 9 
through its center of mass: 
Using the parallel-axis theorem, I=I1,,+ 2mx’ = imP +2mx’ 
express the moment of inertia of the 
dumbbell with respect to an axis 
through the pivot point: 
Substitute in equation (1) to obtain: a 4 mL? + 2mx? 
7 2mgx 


“Jg) x © 


where C = 


els 
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Set dT/dx = 0 to find the condition for dT. d 1 24x? Gf 
minimum T: ae = ' Ae a= = 0 or extrema 
Evaluate the derivative to obtain: = 17? + x’) _0 
é ip oo a 
x 
Because the denominator of this oy = (2 D+ x’)= 0 


expression cannot be zero, it must be 
true that: 


Solve for x to obtain: 


=) s 
& 
i.e., the period is a minimum when the 


pivot point is at one of the masses. 


(b) Substitute x = L/4 in equation (2) 


and simplify to obtain: 


Substitute numerical values and 
evaluate T: 


jt? +(2L) 5L 
_ 4 4 = 
rg g 


5(2 


Remarks: In (a), we’ve shown that x = L/2 corresponds to an extreme value; i.e., to 
either a maximum or a minimum. To complete the demonstration that this value of 
x corresponds to a minimum, we can either (1) show that d’7/dx* evaluated at x = 
L/2 is positive, or (2) graph 7 as a function of x and note that the graph is a 
minimum at x = L/2. 


72 ee 
Picture the Problem Let x be the distance of the pivot from the center of the rod. We'll 
express the period of the physical pendulum as a function of the distance x and then 
differentiate this expression with respect to x to find the location of the pivot point that 
minimizes the period of the physical pendulum. 


Express the period of a physical I 
T =2z,|——_ (1) 
pendulum: MgD 


Express the moment of inertia of the 
dumbbell with respect to an axis 
through its center of mass: 


Using the parallel-axis theorem, 
express the moment of inertia of the 
dumbbell with respect to an axis 
through the pivot point: 


Substitute in equation (1) to obtain: 


Set dT/dx = 0 to find the condition 
for minimum T: 


Evaluate the derivative to obtain: 


Because the denominator of this 
expression cannot be zero, it follows 
that: 


Solve for x to obtain: 


The distance to the pivot point from 
the nearer mass is: 
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2 2 2 
aT x d sree = 0 for extrema 


| Pe 
d=5-~e = [0.09181 | 


Remarks: We’ve shown that x = L/ V6 corresponds to an extreme value; i.e., to 


either a maximum or a minimum. To complete the demonstration that this value of 


x corresponds to a minimum, we can either (1) show that d’7/dx’ evaluated at 
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x= L/ V6 is positive, or (2) graph 7 as a function of x and note that the graph is a 


minimum at x = L/ V6. 


*73 ee 
Picture the Problem Let x be the distance of the pivot from the center of the meter stick, 
m the mass of the meter stick, and L its length. We’ll express the period of the meter stick 
as a function of the distance x and then differentiate this expression with respect to x to 
determine where the hole should be drilled to minimize the period. 


Express the period of a physical I 
T =2z,|——_ (1) 
pendulum: MgD 
Express the moment of inertia of the Ton = 5 mL? 
meter stick with respect to its center 
of mass: 
Using the parallel-axis theorem, I=I,,+ mx? 
express the moment of inertia of the _ i mi aan 
meter stick with respect to the pivot 
point: 
Substitute in equation (1) to obtain: 1 mJ? + mx? 
T =27_|22-———_ 
mgx 
Qn [LD +x 
JoV 
Cc gl +x I? +x? 
POR QUE DERIVAR?? 
Set dT/dx = 0 to find the condition Feil do LLP a 
Fein a — =Cx—,/4——— =0 for extrema 
or minimum T: dx dx x 
= - F 2: 1 72 2 
Evaluate the derivative to obtain: 2x° - (LE +X ) _0 
(bP +x 
x 
: : 2 1 72 2 
Because the denominator of this 2x — (4 [+x )= 0 


expression cannot be zero, it follows 


2°? 
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that: 


Solve for and evaluate x to obtain: L _100cm _ 
x 28.9cm 


The hole should be drilled at a distance: d =50cm—28.9cm = 


from the center of the meter stick. 


74 
Picture the Problem Let m represent the mass and r the radius of the uniform disk. 
We’ll use the expression for the period of a physical pendulum and the parallel-axis 
theorem to obtain a quadratic equation that we can solve for d. We will then treat our 
expression for the period of the pendulum as an extreme-value problem, setting its 
derivative equal to zero in order to determine the value for d that will minimize the 


period. 
(a) Express the period of a physical T=2 I 
pendulum: —— mgd 
Using the parallel-axis theorem, I=I,,, +md . 
relate the moment of inertia with = 1 mR? ind” 
respect to an axis through the hole 
to the moment of inertia with 
respect to the disk’s center of mass: 
Substitute to obtain: 1 mR? + md? 
T=2n0 ~~ 
mg 
> (1) 
+R°+d 
=2n 
gd 
Square both sides of this equation, @ gT° aa: R? 0 
simplify, and substitute numerical 4 2 
values to obtain: or 


d* —(1.553m)d +0.320 m? =0 


Solve the quadratic equation to d =| 0.245m 


obtain: 
The second root, d= 1.31 m, is too large to 


be physically meaningful. 
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(b) Set the derivative of equation (1) dT 2a d /1 Red 
equal to zero to find relative maxima dd = Vo ad. d 
and minima: 

= 0 for extrema 
Evaluate the derivative to obtain: 20° = (1 Red 2) 7 

od? 1R°+d? 
d 

Because the denominator of this Jd° — ji Re+ d*)= 0 


fraction cannot be zero: 


Solve this equation to obtain: R 


Evaluate equation (1) with 
d= R/ V2 to obtain an expression 
for the shortest possible period of 


this physical pendulum: 


Substitute numerical values and aa (0.8 m) 


evaluate T: T=224 98lm/s?. = 


Remarks: We’ve shown that d = R/ J2 corresponds to an extreme value; i.e., to 
either a maximum or a minimum. To complete the demonstration that this value of 
d corresponds to a minimum, we can either (1) show that d°7/dd* evaluated at 

d= R/ J2 is positive, or (2) graph 7 as a function of d and note that the graph is a 


minimum at d = R/ V2. 


75 eco 
Picture the Problem We can use the equation for the period of a physical pendulum and 
the parallel-axis theorem to show that h, + h, = gT 7/427”. 


Express the period of the physical T=2 I 
pendulum: iar mgd 
Using the parallel-axis theorem, I=I,,+ mh, 


relate the moment of inertia with 
respect to an axis through P, to the 
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moment of inertia with respect to 
the disk’s center of mass: 


Substitute to obtain: TL. +mh 
T = on cm 1 

mgh, 

S both sides of thi ti mgT* I 

quare both sides o is equation g — Jem. mh, (1) 

and rearrange to obtain: Az? h, 

. . . . I I 

Because the period of oscillation is “om 4 mh, =—"™ + mh, 

the same for point P): h, h, 

Solve this equation for Iom: I, = mhh, 

Substitute in equation (1) to obtain: mgT* mhh, 
“Aq? _ + mh, 
or 

T’ 
h, +h, = 
4x 

76 ooo 


Picture the Problem We can find the period of the physical pendulum in terms of the 
period of a simple pendulum by starting with T = 27./I/mgL and applying the parallel- 
axis theorem. Performing a binomial expansion for r << L on the radicand of our 
expression for T will lead to T ¥ Ty (1 + r°/SL’). 


(a) Express the period of the I 

: T =2z,|—— 
physical pendulum: mgL 
Using the parallel-axis theorem, T=I,,+ mL” 


relate the moment of inertia of the = 2 mie dnl! 
pendulum about an axis through its 

center of mass to its moment of 

inertia with respect to an axis 


through its point of support: 
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Substitute and simplify to obtain: 


(b) Using the binomial expansion, 


ay? 1/2 
expand | | + —— : 


Substitute in our result from (a) to 
obtain: 


(c) Express the fractional error when 
the approximation T = Tp is used for 
this pendulum: 


Substitute numerical values and 
evaluate AT/T: 


For an error of 1%: 


Solve for and evaluate r with 
L= 100 cm: 


77 ecco 


ar? \? far?) 1 far?) 
Lt | Se al 5 
5L 2\5r2) 857 


+ higher - order terms 
2. 
r 
~1+— 
I iy 


provided r << L 


r 


1 
T i. ie 
2 2 
r r 
=l1+—-l= 
5V sv’ 


AT (2 cm) 
= =| 0.008% 
T 5(1 00 cm) : 


r = LV0.05 = (100cm)V/0.05 
-[24em | 


Picture the Problem The period of this physical pendulum is given by 
T =2z,/I/MgD. We can express its period as a function of the distance d by using the 


definition of the center of mass of the pendulum to find D in terms of d and the parallel- 


axis theorem to express I in terms of d. Solving the resulting quadratic equation yields d. 
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In (b), because the clock is losing 5 minutes per day, one would reposition the disk so 


that the clock runs faster; i.e., so the pendulum has a shorter period. We can determine 


the appropriate correction to make in the position of the disk by relating the fractional 


time loss to the fractional change in its position. 


(a) Express the period of the 
physical pendulum: 


I 
Solve for —: 
xX 


cm 


Express the moment of inertia of the 
physical pendulum, relative to an 
axis through the pivot point, as a 
function of d: 


Substitute numerical values and 
evaluate I. 


Locate the center of mass of the 
physical pendulum relative to the 
pivot point: 


Substitute in equation (1) to obtain: 


1.0802kg-m? +(1.2kg)d? _ 7(9.81mv/s*)(2kg) 


ae 
Mot GX om 


2 
cs = T le (1) 
xX An 


I =I,,,+Md* =4mL’ +4Mr’ + Md’ 


I =1(0.8kg\2m) +4(1.2kg\0.15m) 
+(1.2kg)d? 
=1.0802kg-m’ +(1.2kg)d? 


(2kg)x,,, =(0.8kg)(I1m)+(1.2kg)d 


and 


Xom = 0.4m + 0.6d 


= (0.49698kg-m/s?)I? (2) 


0.4m+0.6d An 
Setting T = 2.5 s and solving for d 
yields: 


(b) There are 1440 minutes per day. 
If the clock loses 5 minutes per day, 
then the period of the clock is 
related to the perfect period of the 
clock by: 


d =| 1.63572m 


where we have kept more than three 


significant figures for use in part (b). 


1435T =1440T 


perfect 


where Therfect = 3.5 S. 
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Solve for and evaluate T: 


Substitute T= 3.51220 s in equation 
(2) and solve for d to obtain: 


Substitute T = 3.50 s in equation (2) 
and solve for d ' to obtain: 


Express the distance the disk needs 
to be moved upward to correct the 
period: 


fo ss) 
1435 1435 
=3.51220s 
d =3.40140m 
d' = 3.37825m 


Ad = d—d' =3.40140m—3.37825m 


- [Ze] 


*78 ee 
Picture the Problem The period of a simple pendulum depends on its amplitude gp 


L 1 ol Lay al 
according to T = 27 1+—sin + sin’ —@, +... |. We can 
. ie psn 5h =(3| 7h | 


approximate T to the second-order term and express AT/T = (Tgtow — Taccurate)/T. Equating 


this expression to AT/T calculated from the fractional daily loss of time will allow us to 
solve for and evaluate the amplitude of the pendulum that corresponds to keeping perfect 
time. 


Express the fractional daily loss of AT 48s _lday_ th 48 


— x< x = 
time: T day 24h 3600s 86400 
Approximate the period of the clock T=2 L 1 P24 
to the second-order term: ec g * ?? sila 9 % 
Express the difference in the periods PDT ie = T cccarats 


of the slow and accurate clocks: 


L 1 .,1 r 
= 2m] fi sin? L064 ) 


Divide both sides of this equation by 
T to obtain: 


AT —- 
Substitute for = and simplify to 


obtain: 


Solve for go: 


79 eo 
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L239 1.51 
—=—sin’ 4.2° sin’ — 

4 4 2 h 
Sane 42° er a = ae 
4 4 2 86400 


and 


sin . g = 9.05605 


4 [a] 


Picture the Problem The period of a simple pendulum depends on its amplitude gp 


1 


according to T = 27 2 1+ . sin’ : 
g 2 2 


»? 


2 
vA 
(3) sin* af + 7 . We’ ll approximate 


T to the second-order term and express AT/T = (Tgtow — Teorrect)/T. Equating this 


expression to AT/T calculated from the fractional daily loss of time will allow us to solve 


for and evaluate the amplitude of the pendulum that corresponds to keeping correct time. 


Express the fractional daily loss of 
time: 


Approximate the period of the clock 
to the second-order term: 


Assuming that the amplitude of the 
slow-running clock’s pendulum is 
small enough to ignore, express the 
difference in the periods of the slow 
and corrected clocks: 


Divide both sides of this expression 
by T to obtain: 


AT 
Substitute for ar and simplify to 


obtain: 


AT _ 5min | Iday | Ih 5 
T day 24h 60min 1440 


r=2n 4h : sin? 
g 2 2 


AT =T. 


slow 


= a Et-| in +4 


=2n | sin? 4 | 
Vol 2% 2 


— J 


correct 


AT 1 
= sin 
- ; po 
Lael —5 
S = 
4° 2 hr 1440 
and 
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3 
sino =0.1178 


Solve for ¢p: d = 


Damped Oscillations 
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Picture the Problem We can use the definition of the damping constant and its 
dimensions to show that it has units of kg/s. 


Using its definition, relate the decay a m 2 m 
constant 7 to the damping constant b: b T 


Substitute the units of m and 7 to Dineasionally. b= [mM] = kg 


obtain: T| S 
81 
2 
Picture the Problem For small damping, Q = id where AE/E is the fractional 
AE|/E cycle 
energy loss per cycle. 
Relate the Q factor to the fractional Oe ant 
energy loss per cycle: AE | / E bead 


Solve for and evaluate the fractional ( AE| / E). _ a _ ih _ 


energy loss per cycle: 
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Picture the Problem We can find the period of the oscillator from T = 27.,/m/k and its 
total initial energy from E, = + kA’ . The Q factor can be found from its definition 


Q= 2n/ (AE | / E he and the damping constant from Q = @m/b. 


(a) The period of the oscillator is Lm 
; T =2z,|— 
given by: Vk 
Substitute numerical values and 2kg 
evaluate T: oS on 400 N/m ves 


(b) Relate the initial energy of the E, = 1 kA’ 


oscillator to its amplitude: 


Substitute numerical values and 
evaluate Eo: 


(c) Relate the fractional rate at 


which the energy decreases to the Q 
value and evaluate Q: 


Express the Q value in terms of b: 


Solve for the damping constant b: 


Substitute numerical values and 
evaluate b: 
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E, =+(400N/m)(0.03m) = 


O2- =" Ze 
AE|/E 0.01 
cycle 
am 
Q b 
_ ain _ 27m 
Q TQ 


27(2kg) 
b= > =| 0.045 1kg/ 
(0.444s)(628) 


Picture the Problem The amplitude of the oscillation at time t is A(t) = Ae! ** where 


t= m/b is the decay constant. We’ll express the amplitudes one period apart and then 


show that their ratio is constant. 


Relate the amplitude of a given 


oscillation peak to the time at which 


the peak occurs: 


Express the amplitude of the 
oscillation peak at  =t+ T: 


Express the ratio of these 
consecutive peaks: 
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A(t) = Ae" 


A(t+T)= Ae 7)" 


A(t) _ Ae" 
At+T) Aye?) 


=| constant 


-T/2r 


=€ 


Picture the Problem We can relate the fractional change in the energy of the oscillator 


each cycle to the fractional change in its amplitude. Both the Q value and the decay 


constant z can be found from their definitions. 


(a) Relate the energy of the 
oscillator to its amplitude: 
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Take the differential of this 
relationship to obtain: 


Divide both sides of this equation by 
E: 


Approximate dE and dA by AE and 
AA and evaluate AE/E: 


(b) For small damping: 


(c) Using its definition, express and 
evaluate Q: 
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dE = kAdA 


dE _kAdA _,dA 


E tka A 


all = 2(5%) =| 10% 
E 
AE] _T 
E T 
and 


A=Q@,t = =, = =H gs) = 62.8 


Picture the Problem We can use the physical interpretation of Q for small damping 


20 


on AE|/E 


cycle 


cycle. 


(a) Express the fractional decrease in 
energy each cycle as a function of the 
Q factor and evaluate |AE| / E: 


(b) Using the definition of the Q 
factor, use Equation 14-35 to express 
@ as a function of Q: 


Use the approximation 


(1 +x)*= 1+ %x for small x to obtain: 


to find the fractional decrease in the energy of the oscillator each 


Express and evaluate w! — a: 
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; I 1 
O'— @ = @) 1 8Q” Oy 8Q” 


=| —3.13x10~ percent 


Picture the Problem The amplitude of the spring-and-mass oscillator varies with time 


-t/t 


according to A= Ae” *? and its energy according to E = he 


(a) Express the amplitude of the 
oscillations as a function of time: 


Evaluate the amplitude when t = 2 s: 


Evaluate the amplitude when t = 4 s: 


(b) Express the energy of the system 
at t= 0: 

Express the energy in the system at 
t=2s: 


The energy dissipated in the first 2 s is: 


The energy dissipated in the second 
2-s interval is: 


#87 0 


A=(6cm)e“** 


A(2s)=(6cm)e?*/** = (6cm)e" 


- [Fete] 


A(4s) = (6cm)e“*/** = (6cm)e! 
=| 2.21cm 


E(0)= E,e°”* = E, = 605 


E(2s)= E,e?*”* = E,e" 


AE,_», = E(0)—- E(2s) 


=E. (1 — e") 
=(605)1-e") 
=|37.9J 


AE, 4, = E>,(1-e?"”*) 


= (37.9J)(I-e")= 


Picture the Problem We can find the fractional loss of energy per cycle from the 


physical interpretation of Q for small damping. We will also find a general expression for 


the earth’s vibrational energy as a function of the number of cycles it has completed. We 


can then solve this equation for the earth’s vibrational energy after any number of days. 
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(a) Express the fractional change in 
energy as a function of Q: 


(b) Express the energy of the 
damped oscillator after one cycle: 


Express the energy after two cycles: 


Generalizing to n cycles: 


(c) Express 2 d in terms of the 
number of cycles; i.e., the number 
of vibrations the earth will have 
experienced: 


Evaluate E(2 d): 
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Picture the Problem The diagram shows 
1) the pendulum bob displaced through an 
angle @ and held in equilibrium by the 
force exerted on it by the air from the fan 
and 2) the bob accelerating, under the 
influence of gravity, tension force, and 


drag force, toward its equilibrium position. 


We can apply Newton’s 2™ law to the bob 
to obtain the differential equation of 
motion of the damped pendulum and then 
use its solution to find the decay time 
constant and the time required for the 
amplitude of oscillation to decay to 1°. 


(a) Apply » Tt = Ia to the pendulum 


to obtain: 


= 2880 minx 
54 


= 53.3T 


E(2d) = E, (0.9843) = 


2 
—mgf sin + lF, -1 


Express the moment of inertia of the 
pendulum with respect to an axis 
through its point of support: 


Substitute for I and Fy to obtain: 


Because 0<< 1 and v= a= ¢d&dt: 


The solution to this second-order 
homogeneous differential equation 
with constant coefficients is: 


Apply SF = ma to the bob when 


it is at its maximum angular 
displacement to obtain: 


Divide the x equation by the y 
equation to obtain: 


When the bob is in equilibrium, the 
drag force on it equals Fray: 


Solve for m/b in the definition of 7 
to obtain: 


Substitute numerical values and 
evaluate 7: 


(b) From equation (1) we have: 


When the amplitude has decreased 
to 1°: 


Take the natural logarithm of both 
sides of the equation to obtain: 
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Il=me 


2 


me? ~ 


+ (bv+mg?sin@ = 0 


d°o 
dt? 


+b + mgt =0 


me? 
or 
2 
me Ay carr ey 
dt dt 


6 = 6,e'* cos(a't + 6) (1) 
where & is the maximum amplitude, 
t= m/b is the time constant, and the 


frequency @' = @1—(b/2ma,) . 


YF, = Fr, —T sin 8, = 0 
and 


> \F, =T cos6, —mg = 0 


Pie 2 Tsind, aT 
mg Tcosé : 
or 
F,,, = mg tan 0, 
by = mg tan 0, 
Ge 
b gtan8, 


2 7m/s 7 
** (0.81m/s?)tan5° [sige 


0 = 6°" 
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Solve for t: t=-2t In(0.2) 


Substitute for z and evaluate ¢: t= ~2(8. 16s)In(0.2) =| 96 46 


Driven Oscillations and Resonance 


89 
Picture the Problem The resonant frequency of a vibrating system depends on the mass 


. . 1 |{k : 
of the system and on a “stiffness” constant according to f, = ea — or, in the case of a 
aVm 


g 


simple pendulum oscillating with small-amplitude vibrations, f, = = r 


(a) For this spring-and-mass oscillator _ 1 |[400N/‘m _ 
we have: fo = 2x \ 10kg ig es 


(b) For this spring-and-mass oscillator —_ 1 /[800N/m _ 
we have: fo = 2x k aclu 


Skg 
(c) For this simple pendulum we have: 1 |[9.81m/s? 
= — _|————_ = | 0.352 Hz 
areata 
90 = 


Picture the Problem We can use the physical interpretation of Q for small damping to 
find the Q factor for this damped oscillator. The width of the resonance curve depends on 
the Q factor according to Aw = @ ‘ Q. 


(a) Using the physical interpretation Q= 2% 

of Q for small damping, relate Q to AE | / E at 
the fractional loss of energy of the 

damped oscillator per cycle: 


Evaluate this expression for _ Ae 
Q=—— =| 314 
(AE|/E), = 2%: 0.02 
cycle 
(b) Relate the width of the Aw = 20. = 20 
resonance curve to the Q value of Q Q 


the oscillatory system: 


Substitute numerical values and 
evaluate Aw: 
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_ 2n(300s") 
3.14 


Ao =| 6.00rad/s 


Picture the Problem The amplitude of the damped oscillations is related to the damping 


constant, mass of the system, the amplitude of the driving force, and the natural and 


driving frequencies through A = 


Fo 


. Resonance occurs when 


2. 
m? (a ~«) +bo 


@ = qQ,. At resonance, the amplitude of the oscillations is A= F, / Vb’@ and the 


width of the resonance curve is related to the damping constant and the mass of the 


system according to Aw = b/m. 
(a) Express the amplitude of the 
oscillations as a function of the 


driving frequency: 


Determine a: 


Evaluate the radicand in the 
expression for A to obtain: 


Substitute numerical values and 
evaluate A: 


(b) Resonance occurs when: 


(c) Express the amplitude of the 
motion at resonance: 


Substitute numerical values and 
evaluate A: 


(d) The width of the resonance 
curve is: 


Fy 


A= 
mw? -o y +b°o 


O -/2 - =14.14rad/s 
m 2kg 


(2kg)*[(14.14 rad/s) —(10 rad/s) |’ 
+(2kg/s) (10rad/s) 
= 4.04x10* kg? /s* 


A= 
(4.0410 kg?/s' 


(2kg/s) (14.14 rad/s) 


jp 2kg/s - 
m  2kg 


1.00 rad/s 
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Picture the Problem We’|I find a general expression for the damped oscillator’s energy 
as a function of the number of cycles it has completed. We can then solve this equation 
for the number of cycles corresponding to the loss of half the oscillator’s energy. The Q 
factor is related to the fractional energy loss per cycle through AE/E =27/Q and the 


width of the resonance curve is Aw = @,/Q where a is the oscillator’s natural angular 


frequency. 
(a) Express the energy of the damped AE 
; E, =E,| 1-— 

oscillator after one cycle: E 
Express the energy after two cycles: 

r= p(1-22)= 2,12 

E E 
Generalizing to n cycles: " 
e10ney pani) 

Substitute numerical values: 0.5E, = E,(1—0.035)" 

or 

0.5 = (0.965)' 
Solve for n to obtain: — In0.5 19.5 

In 0.965 
x | 20 complete cycles. | 
(b) Apply the physical interpretation Q= 20 = 21 _~/180 
of Q for small damping to obtain: AE/E 0.035 
(c) The width of the resonance curve hee nf, _ 2% (100 Hz) 
is given by: Q Q 180 
=| 3.49 rad/s 

Collisions 
93 ecco 


Picture the Problem Let the system include the spring-and-mass oscillator and the 
second object of mass m. Because the net external force acting on this system is zero, 
momentum is conserved during the collision of the second object with the oscillator. 
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Because the collision is elastic, we can also apply conservation of energy. Let the 


subscript | refer to the object attached to the spring and the subscript 2 identify the 


second object. 

(a) Using momentum conservation, 
relate the speeds of the objects 
before and after their collision: 


Using conservation of energy, 
obtain a second relationship 
between the speeds of the objects 
before and after their collision: 


Solve equation (2) for v5, : 


Substitute for v2 from equation (1): 


Because v,, #0, it follows that: 


(b) Because v2; = 0, we have, from 
equation (1): 


Because the object connected to the 
spring was moving through its 
equilibrium position at the time of 
collision: 
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MV,; + MV,; = MV5¢_ 


or 
Vig F Vay = Vag (1) 


1 2 1 2_1 2 
7 MV), +> MV>; = 7 MV5_ 


or 
2,.2 2 
Vii + Voi = Vor (2) 


V>; = Vie =Vii = (Voe + Vj; )(Vo¢ —v,;) 


V>; = (vi; + V9i $V (Vi; + Vj —v,;) 
= (2v,; Pe V9; (V3; ) = 2V,iV>; + V5; 


or 
2V,:V>, =0 


von [0] 


i.e., the second object must be initially at 
rest. 


Vor = Vii 


Vv, =v, =Ao= (0.1m)(40s") 


1 max 


=| 4.00m/s 


Picture the Problem Let the system include the spring-and-mass oscillator and the 


second object of mass m. Because the net external force acting on this system is zero, 


momentum is conserved during the collision of the second object with the oscillator. 


Because the collision is elastic, we can also apply conservation of energy. Let the 


subscript | refer to the object attached to the spring and the subscript 2 identify the 


second object. 


Using momentum conservation, 
relate the speeds of the objects 


mv,, + MV>, = MV>, 


or 
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before and after their collision: 


Using conservation of energy, obtain 
a second relationship between the 
speeds of the objects before and 
after their collision: 


Solve equation (2) for v5, : 


Substitute for v2¢ from equation (1): 


Because v,, #0, it follows that: 


Because the object connected to the 
spring was moving through its 
equilibrium position at the time of 
collision: 


Express the total energy of the 
system just before the collision: 


Solve for m: 


Substitute numerical values and 
evaluate m: 


Relate the spring constant to the 
angular frequency of the oscillator: 


Substitute numerical values and 
evaluate k: 
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Vit Vs Veg (1) 
zmv;, + 7mV;, = zMV3; 

V,, +V5, =V5¢ (2) 

V5 = Vie —Vii = (V2. +V;)(Vo- —vi) 


V>; = (vi; + V5i $V Vi +V5i —v,;) 


= (2v,, a V9; )(V>i ) = 2V,iV>; + V5; 


or 
2V,:V, =0 
v=v,, =0 


i.e., the second object must be initially at 
rest. 


Vii = Vinx = A@ = (0.1m)(40s*) 


1 max 


E=1my,;, 
mace 
Vi 
2(8J) 
n (amisy =[1.00kg | 
k=m@ 


k= (Ikg)(40s")’ = [1.60kN/m | 


Picture the Problem Let the system include the spring-and-mass oscillator and the 1-kg 


object. Because the net external force acting on this system is zero, momentum is 
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conserved during the collision of the second object with the oscillator. Let the subscript 1 


refer to the 1-kg object and the subscript 2 to the 2-kg object. We can relate the amplitude 


of the motion to the maximum speed of the oscillator (which we can find from 


conservation of momentum) and the angular frequency of the oscillator, which we can 


determine from its definition. Once we have found the amplitudes and angular 


frequencies for both collisions, we express the position of each as a function of time, 


using the initial conditions to find the phase constants. 


(a) Relate the amplitude of the 
motion to the angular frequency and 
maximum speed of the oscillator: 


Because the 2-kg object is initially 
at rest, the maximum speed of the 
oscillator will be its speed 
immediately after the collision. Use 
conservation of momentum to relate 
this maximum speed to the speed of 
the 1-kg object before the collision: 


Solve for Vmax: 


Substitute numerical values and 
evaluate Vmax: 


Express the angular frequency of the 
oscillator: 


Substitute numerical values and 
evaluate a: 


Substitute in equation (1) and 
evaluate A: 


Express and evaluate the period of 
the oscillator’s period: 


(b) For an elastic collision: 


A=—™& (1) 


mvs = (m, +m, Wise 


m, 
Vinge Vii 
m, +m, 
Vinax SSI (Gaye )= 2m/s 
Ikg+2kg 
k 
O= 
\m,+m, 
is | OO aaa 
\ 3kg 
2m/s 
= =| 14.1em 
14.1457 
2a 20 
= — =——— =| 0.4445 
@ 14.1435 0.4446 | 
Vey zal Vv 
max 2f li 
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Substitute numerical values and 
evaluate Vmax: 


Using its definition, evaluate the 
angular frequency of the oscillator: 


Substitute in equation (1) and 
evaluate A: 


Express and evaluate the period of 
the oscillator’s period: 


(c) For the perfectly inelastic 
collision: 


Use the initial conditions to evaluate 6: 


Substitute in equation (2) to obtain: 


For the elastic collision: 


Use the initial conditions to evaluate é: 


Substitute in equation (3) to obtain: 


General Problems 
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O= 7 = SOUND _ i935 ad 
m, 2kg 


4m/s 
A=—— =| 23.1cm 
17.3257 | 23.1cm | 


20 20 
aD T7328" 


x(t)= (14.1cm)cos|(14.1s" Ne + é| (2) 


x(t)= (4.1em)oos (4 is”! )e : 4 
= (14.1em)sin|(14. is” ye] 


x(t)=(23.1em)cos|(17.3s)t+5] (3) 


s()=(23.temeos (17.35"}e—4 


=| (23.1 om)sin|(17.3 s" )e] 


Picture the Problem The particle’s displacement is of the form xX = Acos(at +6 ). Thus, 


we have A= 0.4 m, w=3 rad/s, and 6= 7/4. We can find the frequency of the motion 


from its angular frequency and the period from the frequency. The particle’s position at 


t= 0 and t=0.5 s can be found directly from its displacement function. 
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(a) Express and evaluate the Oe 3rad/s _ 
oo ane me 0.477 Hz 


frequency of the particle’s motion: a a 
Use the relationship between the = aL a 1 -1 209s 
frequency and the period of the f 0.4778" 


particle’s motion to find its period: 


b) Using th ion for th 
( pee ie, Sees x(0) = (0.4m)cos (3rad/s0)+— 
particle’s displacement, find its 4 


= (0.4 m)cos 4 = 


position at t = 0: 


(c) sme ne expression for ihe x(0) a (0.4 m)cos (3 rad/s\(0.5s)+ 4) 
particle’s displacement, find its L 4 
position at t= 0.5 s: = (0.4m)cos|2.29 rad] 
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Picture the Problem We can express the velocity of the particle by differentiating its 
displacement with respect to time. 


(a) Differentiate the particle’s y dx 


displacement to obtain: ~ dt 


-“\004 m)sin| ras + 


=| (19 missin rad/s)t-+ 4 


2 oe the result in part (a) at v(0) = (1 2 m/; ssn (3 rad/ s\0) + 4 
= (I 2 missin] 
4 
=| —0.849 m/s 
(c) By inspection of the result in part Vrax =| 1.20m/s 


(a) (or from v.. = A@): 


max 


(d) Substitute Vinax for v to obtain: (ee (1 9 missin oa /s)t'+ = 
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or 


B rad/s )t' 7 = sin! (-1) _ 3a 


2 
Solve for t' to obtain: t= 


98 

Picture the Problem Let Ay represent the amount by which the spring stretches. We’ ll 
apply a condition for equilibrium to the object to relate the amount the spring has 
stretched to the angular frequency of its motion and then solve this equation for Ay. 


Apply » F, =0 to the object kAy —mg =0 
when it is in its equilibrium position ee 
and solve for the elongation of the Ay = ut g= — 
spring: k a 
Relate the angular frequency of the js 2a 
object’s motion to its period: T 
Substitute to obtain: pt 

Ay=|—| 9 

20 

Substitute numerical values and 45s) ‘ 
evaluate Ax: Ay = (+) (0.81m/s )= 5.03m 
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Picture the Problem Compare the forces 
acting on the particle to the right in Figure 
14-36 with the forces shown acting on the 
bob of the simple pendulum shown in the 
free-body diagram to the right. Because 
there is no friction, the only forces acting 
on the particle are mg and the normal force 
acting radially inward. In (b), we can think 
of the particles as the bobs of simple 


pendulums of equal length. . 
mg 


(a) The normal force is identical to the tension in a string of length r that keeps the 
particle moving in a circular path and a component of mg provides, for small 
displacements & or S, the linear restoring force required for oscillatory motion. 
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(b) The particles meet at the bottom. Because s; and s2 are both much smaller than r, the 
particles behave like the bobs of simple pendulums of equal length; therefore they have 
the same periods. 
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Picture the Problem The diagram shows the ball when it is a horizontal distance x from 
the bottom of the bowl. Note that we’ve chosen the zero of gravitational potential energy 
to be at the bottom of the bowl. The total energy of the ball is the sum of its potential 
energy and kinetic energies due to translation and rotation. Once we’ve obtained an 
expression for the total energy of the rolling ball, we can require, because the surface is 
frictionless, that the total energy of the sliding object be the same as that of the rolling 
ball. Because the motion of the ball is simple harmonic motion, we can assume a solution 
to its differential equation of motion and express the total energy of the ball in terms of 
this assumed solution. Doing so will lead us to an expression that we can solve for the 
oscillation frequency of the ball. 


r(1—cos 0) 


es — - ——'_—sdW"h—-U_=0 
(a) Express the total energy E of the E=U+K=U+K,..+K, (1) 
ball: 
Referring to the diagram shown U(x) = mgr(I —~cos 0) 
above and assuming that R <<r, 
express the potential energy of the 
ball when it is a horizontal distance 
x from the bottom of the bowl: 
Express cos@ as a power Series: QO @4 
cos 8 = 1—-—__+— 
! 4! 
For 0 << 1: Q? 
cos@ x 1—- a 


Substitute to obtain: 2 
U(x)* ng | t 7 ) =1mgr0” 
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For R<<r: 


Substitute to obtain: 


Substitute in equation (1): 


Because the ball is rolling without 
slipping, v = Ra. Substitute for @ 
and I to obtain: 


Simplify to obtain: 


(b) Because energy is conserved if 
the side of the bowl is frictionless: 


Because the motion is simple 
harmonic motion, assume a solution 
of the form: 


Differentiate this assumed solution 
with respect to time to obtain: 


Substitute to obtain: 


Express the condition the 
E = constant: 


Solve for @ to obtain: 


fa itis mv’ = constant 
2r 10 


x = x, cos(@t + 6) 


Vv =—ax, sin(at + 5) 


E="9 (x, cos(at + 5)) 
2r 
+ oe m(— ax, sin(at + 5)) 


2 
= Ms: cos’(at + 5) 
2r 


Desd 
5 OMENS Fes) 
10 
mgx, 7m@x, g 7@ 
ar 10 r 5 
5g 
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Picture the Problem Assume that the 
plane is accelerating to the right with an 
acceleration do. The free-body diagram LO, 
shows the forces on the bob as seen in the 
accelerated frame of the airplane. Let g’ 
represent the effective value of the 


acceleration due to gravity. The period of hs x 
the yo-yo is given by / 
T =22,L/g' ‘ 


where g’ is the effective value of the v _ Img 
acceleration due to gravity. 


Express the period of your yo-yo L 

: T =2z7 |— 
pendulum as a function of the g' 
effective value for the acceleration 


due to gravity: 


g 
cos 


Using the FBD, relate g' and g: 


mg =mg'cos@ => g'= 


Substitute to obtain: L 
Ta2n cos 
g 


Substitute numerical values and (0.7 m)cos 29° 
evaluate T: a 2m 981m/s2 
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Picture the Problem The diagram shows 
the wire described in the problem statement 
with an object of moment of inertia I 
suspended from its end. We can apply 
Newton’s 2™ law to the suspended object 


to obtain its differential equation of 
motion. By comparing this equation to the if um Ai 


equation of a simple harmonic oscillator, (> © 

we can show thatw = ./x«/I. 

Appl T = Ia to the object h : 
pply > o the object hung Ey ee eee co 


from the wire to obtain: 
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Divide both sides of this differential 


equation by I to obtain: 


This equation can be written as: 
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Picture the Problem The diagram shows 


the torsion balance described in the 
problem statement. We can apply 


Newton’s 2" law to the suspended object 


to obtain its differential equation of 


motion. By comparing this equation and its 
solution to that of a simple harmonic 
oscillator, we can obtain an equation that 
we can solve for the torsion constant x. 


Apply x: = Ia to the torsion 


pendulum: 


The differential equation of simple 
harmonic motion is: 


The solution to equation (1) is: 


Solve for «to obtain: 


do 


+9 =0 
dt I 
2 
? 0° =0 where o-| |e 
dt I 
LLELL 
2 
SR e 
dt 
or 
dé x 
+—0=0 1 
dt? I ) 
2 
GX, ax =0 
dt 
where 


x(t) = x, cos(@t+.6)and w= = 


O(t) = 8, cos(at +6) 


where 
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Express the moment of inertia of the ey me 
torsion pendulum: I= anf 5) as 
Substitute to obtain: ome 472ml? 2n2m0? 
k= — — 
2 *y fe rt 
Substitute numerical values and an? (0 050kg ) (0. 05 m) 
evaluate K: k= Osh 


=| 3.86x10°’ N- m/rad 
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Picture the Problem Choose a coordinate system in which the direction the cube is 
initially displaced (downward) is the positive y direction. The figure shows the forces 
acting on the cube when it is in equilibrium floating in the water and when it has been 
pushed down a small distance y. We can find the period of its oscillatory motion from its 
angular frequency. By applying Newton’s 2™ law to the cube, we can obtain its equation 
of motion; from this equation we can determine the angular frequency of the cube’s 
small-amplitude oscillations. 


4F, 


mg Y yng 
y y 

Express the period of oscillation in T= 20 (1) 
terms of the angular frequency of 7) 
the oscillations: 
Apply De F,, = 0 to the cube when mg — F, =0 
it is floating in the water: 
Apply ye = ma, to the cube mg — F, = ma, 


when it is pushed down a small 
distance y: 
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Eliminate mg between these F, — Fz =ma, 


equations to obtain: oe 


AF, = F, — F, =ma, 


For y << 1: d*y 

AF, ~ dF, =—pVg =—a’ pgy =m 7 
Rewrite the equation of motion as: d *y 2 

m—=—4d pgy 

dt 
or 
d *y a’ pg 2 
— = OM 
dt? m” af 
2 
a 
where @? = Pg 
m 

Solve for a: 

aaa) 

m 
Substitute in equation (1) to obtain: a‘ on aa 
= ie 
| \ 29 
m 
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Picture the Problem Assume that the density of the earth pis constant and let m 
represent the mass of the clock. We can decide the question of where the clock is more 
accurate by applying the law of gravitation to the clock at a depth h below/above the 
surface of the earth and at the earth’s surface and expressing the ratios of the acceleration 
due to gravity below/above the surface of the earth to its value at the surface of the earth. 


Express the gravitational force ,__GM'm 
; ~~ mg = 2 
acting on the clock when it is at a (R, - h) 
depth h in a mine: where M' is the mass between the location 


of the clock and the center of the earth. 


Express the gravitational force 


GM ,,m 
, mg = 2 
acting on the clock at the surface of R, 
the earth: 


Divide the first of these equations by 
the second to obtain: 


Express M’: 


Express Mg: 


Substitute to obtain: 


Simplify and solve for g’: 


Express the gravitational force 
acting on the clock when it is at an 
elevation h: 


Express the gravitational force 
acting on the clock at the surface of 


the earth: 


Divide the first of these equations by 
the second to obtain: 


Solve for g": 
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GM' 
gi _(Re-h) _M'_ R; 
g GM, M, (R,-hy 
R 


M' = pV' = 42p(R, ~h) 


M,, = pV = 47pR; 


g 4pR;  (R,—h) 
R,—-h h 
' poi eee [Pe = 
or 
h 
g=9 1-2 (1) 
E 
mg" GM,,m 
(R, +hy 
GM,.m 
mg = R 
E 
GM 
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Comparing equations (1) and (2), we see that g' is closer to g than is g". Thus, 


the error is greater if the clock is elevated. 
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Picture the Problem The figure shows 
this system when it has an angular 
displacement @. The period of the system is 
related to its angular frequency according 
to T = 22/a. We can find the equation of 
motion of the system by applying 
Newton’s 2™ law. By writing this equation 
in terms of @and using a small-angle 
approximation, we’ll find an expression for 
@ that we can use to express T. 


(a) Express the period of the system 
in terms of its angular frequency: 


Apply iF = ma to the bob: 


Eliminate T between the two 
equations to obtain: 


t= (1) 
a) 


> F, =—-kx-T sin 6 = Ma, 


and 


> F, =T cos0— Mg =0 


— kx — Mg tan = Ma, 


i tx=L , 
Noting that x ea ui 0 = -kLO— Mg tan 0 
do dt 
d,, =La =L—, 
dt 
eliminate the variable x in favor 
of 6: 
2 
For 0<< 1, tanO~ 0: ui 0 = -kLO— Mg 
dt 
=—(kL +Mg)0 
or 
2 
d (4 Dp oO 
dt M L 
where 
ow [E89 
M L 
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Substitute in equation (1) to obtain: 


(b) When T= 2s and M=1 kg we 
have: 


When T= 1 s we have: l= 20 


Solve these equations k =| 29.6N/m 


simultaneously to obtain: 
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Picture the Problem Applying Newton’s 2™ law to the first object as it is about to slip 
will allow us to express 4 in terms of the maximum acceleration of the system which, in 


turn, depends on the amplitude and angular frequency of the oscillatory motion. 


(a) Apply )° F, = ma, to the Uta = MgO 


second object as it is about to slip: 


Apply DF, = 0 to the second F, —m,g =0 
object: 
Use fi max = /4,F, to eliminate H.M,g =M,4,,.. 
fmax and F,, between the two and 
F a 
equations: Ho= 
g 
Relate me asnuin pesca tas of = Ao =A 
the oscillator to its amplitude and m, +m, 
angular frequency: 
Substitute for dmax to obtain: Ak 
aad |b See 
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(b) Ais unchanged. E is unchanged because E = +kA’. wis reduced by 


increasing the total mass of the system and T is increased. 
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Picture the Problem The diagram shows 
the box hanging from the stretched spring 
and the free-body diagram when the box is 
in equilibrium. We can apply DE = 0 to 
the box to derive an expression for x. In (b) 
and (c), we can proceed similarly to obtain 
expressions for the effective spring 
constant, the new equilibrium position of 
the box, and frequency of oscillations when 
the box is released. 


(a) Apply > F, = 0 to the box to k(x—x,)—mg =0 


obtain: 


Solve for x: mg 


Substitute numerical values and (1 00 kg\9.8 1m/s? ) 
evaluate x: 7 ~ 500N/n” 


=| 2.46m 


+0.5m 


(b) Draw the free-body diagram for 
the block with the two springs 


exerting equal upward forces on it: al 


k(x — Xp) 


mg 


Apply > = 0 to the box to k(x—x,)+k(x—x,)—mg =0 
obtain: or 
kam (X— Xp)— mg =0 (1) 
where 


K orp = 2k 


When the box is displaced from this 
equilibrium position and released, 
its motion is simple harmonic 
motion and its frequency is given 
by: 


Substitute numerical values and 


evaluate a: 


(c) Solve equation (1) for x: 


Substitute numerical values and 
evaluate x: 
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p= eas 
m m 
[2(500 N/m) 
O= ~ 100ke. 3.16rad/s 


(100kg)(9.81 m/s?) 
2(500 N/m) 


=|{1.48m 


+0.5m 


Picture the Problem We’! differentiate the expression for the period of simple 


L 
pendulum T = 27 fE with respect to g, separate the variables, and use a differential 
g 


AT 
approximation to establish that — z 


(a) Express the period of a simple 
pendulum in terms of its length and 
the local value of the acceleration 
due to gravity: 


Differentiate this expression with 
respect to g to obtain: 


Separate the variables to obtain: 


Approximate dT and dg by AT and 
Ag for Ag << g: 


(b) Solve the result in part (a) for Ag: 


2g. 


r=2n|é 
g 


dg dg 
2 
2g 
dT __ldg 
T 2g 
AT | _1Ag 
T 2g 
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Express AT/T: AT __ By ld lh 
T d 24h 3600s 
=-1.04x10" 
Substitute and evaluate Ag: Ag = -2(9.81m/s?)(-1.04 107) 


= 0.0204 m/s” =| 2.04cm/s” 
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Picture the Problem We can find the frequency of the vibrating system from its angular 
frequency; this depends on the spring constant and the total mass involved in the motion. 
The energy of the system can be found from the amplitude of its motion. 


(a) Relate the frequency of the oO 1 k 


F 


vibrating system to its angular 7 Dr. ~ oem mn 
frequency: 
Substitute numerical values and 1 {240N/m 
=— |———~ =| 2.25Hz 
evaluate f: f ra \ 2(0.6kg) 
Express the total energy of the E= 1 kA? 
system: 
Substitute numerical values and E= 4(240 N/m)(0.6 m)’ =| 43.2J 
evaluate E: 
(b) (1) The glue dissolves when the 
spring is at maximum compression: 
Relate the frequency to the system’s _@,_ 1 {[k 
new angular frequency: f= Doe - om m 
Substitute numerical values and 1 |240N/m 
euaee Pe ygige ie 
Express the system’s new amplitude ae m 
as a function of the oscillator’s oa O, Vmax ke 
maximum speed and its new angular 
frequency: 
Find the maximum speed of the Vinax = AO = 27fA = 2n(2.25 s')(0.6 m) 


oscillator: = 8.48 m/s 


Substitute and evaluate A): 


Express and evaluate the energy of 
the system: 


(b) (2) The glue dissolves when the 
spring is at maximum extension and 
fo is the same as f;: 


Because the second object is at rest, 


the amplitude and energy of the 
system are unchanged: 
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E, =4kA? =4(240N/m)(0.424m) 
=| 21.6] 
f, =| 3.18 Hz 


Picture the Problem Choose a coordinate system in which the positive x direction is to 
the right and assume that the object is displaced to the right. In case (a), note that the two 
springs undergo the same displacement whereas in (b) they experience the same force. 


(a) Express the net force acting on 
the object: 


(b) Express the force acting on each 
spring and solve for x2: 


Express the total extension of the 
springs: 


Solve for keg: 


Fig = —k\x—k,x = -(k, +k, )x = Kk epX 
where k,, =| k, +k, 


F =-k,x, =—k,x, 


or 
x, = f x 
Oa NL 
k, 
X +X, =- 
eff 
_ __F —k,x, 
eff _ 
X, +X, X, +X, 
kx, _ 1 
k, 1 
Key 


1130 Chapter 14 


Take the reciprocal of both sides of bs i 
the equation to obtain: Ras 7 ‘ ; 
*112 


Picture the Problem If the displacement of the block is y =A sin at, its acceleration is 
a = —@ Asinat. 


(a) At maximum upward extension, the block is momentarily at rest. Its downward 
acceleration is g. The downward acceleration of the piston is @°A. Therefore, if @A > g, 
the block will separate from the piston. 


(b) Express the acceleration of the a=—Aa’ sinat 
small block: 
For @ A= 3g and A= 15 cm: a =—3gsinat =-g 
Solve for t: Is (G| A. (3 
t=—sin | —]/=.,/——sin | — 
o 3 3g 3 


Substitute numerical values and 0.15m 


1 
= : att 
evaluate t: Ge 319.81m/s sin 3 0.0243s 
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Picture the Problem The plunger and ball are moving with their maximum speed as they 
pass through their equilibrium position (x = 0). Once it has passed its equilibrium 
position, the acceleration of the plunger becomes negative; therefore it begins to slow 
down and the ball, continuing with speed v,, separates from the plunger. We can find this 
separation speed by equating it to the maximum speed of the plunger. Application of 
conservation of energy to the motion of the plunger will allow us to express the distance 
at which the plunger comes momentarily to rest. 


(a) The ball will leave the plunger x=|0 


when the plunger is moving with its 
maximum speed; i.e., at its 
equilibrium position: 


(b) Express the speed of the ball V. =Vinax = AO = XO 
upon separation in terms of the 
maximum speed of the plunger: 


The angular frequency is given by: 


Substitute to obtain: 


(c) Apply conservation of energy to 
the plunger: 


Solve for x¢: 


Substitute for v, and simplify to obtain: 
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K,=K,2U,,-U,,=0 


or, because K¢= U; = 0, 
1 2 4 La 
—7M,V, + kx; =0 


Picture the Problem Applying Newton’s 2™ law to the box as it is about to slip will 


allow us to express /4 in terms of the maximum acceleration of the platform which, in 


turn, depends on the amplitude and angular frequency of the oscillatory motion. 


(a) Apply > F,=ma,, to the box 


as it is about to slip: 
Apply SE, = 0 to the box: 


Use f. 


s,max 


= U.F, to eliminate 
femax and F,, between the two 


equations: 


Relate the maximum acceleration of 
the oscillator to its amplitude and 
angular frequency: 


Substitute for dmax : 


— _ MQ.ax 


and 
Ginax 
HM, i Fe. , 
g 
Cie = AD 
Ao 47°A 
HM, =—__ = 
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Substitute numerical values and Arr? (0.4 m) 
— = 2. 2 
(0.88) (9.81m/s?) Ba 


Ss 


evaluate su: 


(b) Solve the equation derived fe Hog _ teat 
above for Amax: “en? 
Substitute numerical values and (0.4)(9.8 Im/s* \(0.8 s) 
Aypax = 2 
evaluate Amax: 4a 
=) 6.36cm 
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Picture the Problem In (b), we can use the condition F,., = dU/dx = 0 for stable 
equilibrium to find the value of x = Xp at stable equilibrium. In (c) and (d), we can simply 
follow the outline provided in the problem statement. In (e), we can obtain the frequency 


1 |k 
from f = anVm using the value for k from the potential function. 
aYm 


(a) A graph of U(x) follows: 


10 =~—— 
: P| 
5 | 
7 | 
: | 
35 | 
a. | 
3 
5 | 
4 | 
0 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
x/a 


(b) Express the condition for equilibrium: f= dU HG 


Differentiate U with respect to x: dU d (+ a ) 
Aes 
x 


Set this derivative equal to zero and 
solve for x: 


(c) Express U(X + &): 


(d) Expand (1 + B y to obtain: 


Substitute in U(x9 + &): 


(e) Express the potential energy of a 
simple harmonic oscillator: 


If the particle whose potential energy 
is given in part (d) is to undergo 
simple harmonic motion: 


X,+é& a 
U(x, + €)=U,| 
| a X +é 
xX 1 
U,| + se 
a a S04 
kL: a a 
or, because Xo = a, 
é 1 
U(x, +€)=U, 1+—+ Z 
oe eh 
a 


E 
where 2 = — 
a 
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= U, + B+(1+ 8)" 
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(14 py! =14+(-1)p+ YE) ge y. 


U(x, +é)=U,|l+ B+1- f+ B’| 
=U, [2+ 6°] 


=2U, +U, = 
a 


2x1 


~1-B+ 


2 


2 


é 
constant + U, 
a 


U =constant + tke? 


1134 Chapter 14 


Express the frequency of the simple 1 Gk 1 720, 
harmonic motion, substitute for k, and = 2nN\m ~ 2nNa’m 
simplify to obtain: 
_ 1 /2U, 
2ma\ m 
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Picture the Problem Let m represent the mass of the cylindrical drum, R its radius, and k 
the stiffness constant of the spring. We can find the angular frequency of the oscillations 
by equating the maximum kinetic energy of the drum and the maximum energy stored in 
the spring. We can then express the frequency of the system in terms of its angular 
frequency. The application of Newton’s 2™ law, under on-the-verge-of-sliding conditions, 
together with the introduction of the oscillator’s total energy, will lead us to an expression 
for the minimum value of the coefficient of static friction. 


(a) Express the frequency of fe oO (1) 
oscillation of the system for small 20 
displacements from equilibrium: 
Express the kinetic energy of the K =1Io° +4mv 
drum and simplify to obtain: oy 
7 L(A mr | * +4mv’ 
=imv 
Apply conservation of energy to K nox = EMV iggy = KA 
obtain: 
Substitute A@ for Vinax: 3m(Aoy =1kA’ 
Solve for @: 2k 
O=./— 
3m 
Substitute in equation (1) to obtain: = 1 [2k 
2a \3m 
Substitute numerical values and 1 2(4000 N/m) 
= =| 3.36Hz 
evaluate f: f 2r | 3(6 kg) 
(b) Apply SE, = 0) to the drum to kKA— fi max = 9 


or 


establish the condition that governs 
slipping: 


Using F,, = mg, solve for 4: 
Express the oscillator’s total energy 
in terms of the amplitude of its 


motion: 


Substitute in equation (2) to obtain: 


Substitute numerical values and 
evaluate sUu,: 
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kA-wu.F, =0 
kA 
ho (2) 
mg 
E=1kA’ > kA=2Ek 
2Ek 
a 
mg 
2(5J)(4000N 
ie (5J)(4000 N/m) _ aa0 


(6kg)(9.81m/s?) 


Picture the Problem The pictorial representation shows the two blocks connected by the 
spring and displaced from their equilibrium positions. We can apply Newton’s 2" law to 
each of these coupled oscillators and solve the resulting equations simultaneously to 
obtain the differential equation of motion of the coupled oscillators. We can then 
compare this differential equation and its solution to the differential equation of motion 
of the simple harmonic oscillator and its solution to show that the oscillation frequency is 


oO= (k/ u)! * where =m m,/(m,+ m2) is the reduced mass of the system. 


| 
x; 
F,, 
I 


k(x, —X,) 


Apply > F = ma to the block 


whose mass is m, and solve for its 
acceleration: 


Apply YF = ma to the block 


whose mass is m, and solve for its 


m, 
ee | : 
x 


x, 
AF, 
—k(x,- xX) a" 
Vm,g 
d°x 
1 
k(x, x,)=m,q, Ms 
dt 
or 
2 
d x; k (x x,) 
1) A 1 2 
dt 
2 
ax 
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acceleration: 


Subtract the first equation from the 
second to obtain: 


The reduced mass of the system is: 


Substitute to obtain: 


Compare this differential equation 
with the differential equation of the 
simple harmonic oscillator: 


The solution to this equation is: 


Express the solution to equation (1): 
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where x = X2 — X1 


| oe re mm, 
— =—+—or w= 
Hm mM, m, +m, 
2 
ox _ Ky (1) 
dt vi 
d’x k 
Dae ee 
dt m 


x = x,cos(@t + 6) 


[k 
where @ = ,/— 
m 


x = x, cos(at + 6) 


where @ = [é 
L 


Picture the Problem We can use @ = (k/ u)! >and = m\m,/(m;+ m2) from Problem 
117 to find the spring constant for the HCl molecule. 


Use the result of Problem 118 to 
relate the oscillation frequency to 
the spring constant and reduced 
mass of the HCI molecule: 


Solve for k to obtain: 


Express the reduced mass of the 
HCl molecule: 


Substitute to obtain: 


k = yo 
= 
m, +m, 
m.m,@ 
k= 1 2 
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Express the masses of the hydrogen m, = 1 amu = 1.67x107’ kg 
and Cl atoms: and 


mz = 35.45 amu = 5.92x10 kg 


Substitute numerical values and evaluate k: 


(167x107 kg)(5.92x 107° kg (8.969 x10! s?)” 


k= 
1.67x107’ kg +5.92x 10° kg 


=| 13.1N/m 
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Picture the Problem In Problem 117, we derived an expression for the oscillation 
frequency of a spring-and-two-block system as a function of the stiffness constant of the 
spring and the reduced mass of the two blocks. We can solve this problem, assuming that 
the "spring constant" does not change, by using the result of Problem 117 and the reduced 
mass of a deuterium atom and a Cl atom in the equation for the oscillation frequency. 


Use the result of Problem 117 to k 
relate the oscillation frequency to O= = 
the spring constant and reduced i 


mass of the HCI molecule: 


Express the reduced mass of the _ mm, 

HCl molecule: m, +m, 

Express the masses of the deuterium m, = 2 amu = 3.34x107 kg 
and Cl atoms: and 


m> = 35.45 amu = 5.92x107° kg 


Evaluate the reduced mass of the (3.34 x 102” kg\5.92 x10 kg) 
eae ~ 3.34x10" kg +5.92x 10 kg 


=3.16x107" ke 


silo numerical values and . 13.1N/m 
t : = ——— 
evaluate ow 3.16x10” kg 


=| 6.44x10" rad/s 
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Picture the Problem The pictorial representation shows the block moving from right to 
left with an instantaneous displacement x from its equilibrium position. The free-body 
diagram shows the forces acting on the block during the half-cycles that it moves from 
right to left. When the block is moving from left to right, the directions of the kinetic 
friction force and the restoring force exerted by the spring are reversed. We can apply 
Newton’s 2 law to these motions to obtain the differential equations given in the 
problem statements and then use their solutions to plot the graph called for in (c). 
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(a) Apply DF. = ma, to the block 


while it is moving to the left to 
obtain: 


Using f= 4, =4mg, eliminate fi, 
in the differential equation of 
motion: 


to obtain: 


Let X) = ae 


The solution to the differential 
equation is: 


The initial conditions are: 


Apply these conditions to obtain: 


Solve these equations 
simultaneously to obtain: 


0 4 A 
y 
AFn 
kx 
—= > x 
fk 
mg 
d°x 
{pr kxk= ma. 
dt 
d 2 
ee kx + L,mg 
or 


dt? k 
d°x 
qe 7k xa) 
or 
d°x' Ke Ait, 
= -—@ x 
dt m 


provided x’ = x — Xo and 


x =| Hed _ Had 
0 k a? 


x' = x,’ cos(at + 5) 
and its derivative is 
v' = -—@x,' sin(at + 6) 


x'(0) = X—xX,and v'(0) =0 


x'(0) = x; cosd = x-X, 
and 


v'(0) = —ax,' sind = 0 


6 =Oand x, =x-X, 
and 
xX = (x — x, )cos at 


(b) Apply > F = ma to the block 


while it is moving to the right to 
obtain: 


Using fc = Fn =L4mg, eliminate fi, 
in the differential equation of 
motion: 


to obtain: 


Let x, = re 


The solution to the differential 
equation is: 


The initial conditions are: 


Apply these conditions to obtain: 


Solve these equations 
simultaneously to obtain: 
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or 
x =(x— x, )cos at + x, (1) 
d°x 
Af k= mm 
h dt? 
Xx 
Cae = —kx — 44,mg 
or 


dt? k 
d°x 
eae = —k(x + xy) 
or 
d°x" k " 2." 
a = =-OMOxXx 
dt m 


provided x” = x + xy and 


re 4g — {4g 
ae keep? |) 


x" = x," cos(at + 5) 
and its derivative is 


me 


v" =—@x," sin(at + 5) 


x"(0)=x+x, and v"(0)=0 


x"(0) = x," cosd = x+X, 
and 


v"(0) =—ox,"" sind = 0 


O =Oand x," =x+x, 
and 
x" = (x +x, )cosat 


or 


| x =(x+x, )cos@t— x, (2) 


(c) A spreadsheet program to calculate the position of the oscillator as a function of time 
(equations (1) and (2)) is shown below. The constants used in the position functions (Xo = 
1 mand T= 2s were used for simplicity) and the formulas used to calculate the positions 
are shown in the table. After each half-period, one must compute a new amplitude for the 
oscillation, using the final value of the position from the last half-period. 
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Cell Content/Formula Algebraic Form 
Bl 1 Xo 

B2 10 A 

CF C6+0.1 t+At 

D7 ($B$2-$B$1)*COS(PI()*C7)+$B$1 (A—x, )cos at + x, 
DI7 | (ABS(SD$6+$B$1))*COS(PIQ*C17)-$B$1_ | |x + x,|cos at — x, 
D27 | (ABS(SD$6-SB$1))*COS(PI()*C27)+$BS1 | |x —x,|cos at + x, 
D37 | (ABS($D$36+$B$1))*COS(PI0*C37)-$BS1 | |x + x,|cos at — x, 
D47 ($D$46-$B$1)*COS(PI()*C47)+$B$1 (x— x, )cos at + x, 


A |B] C D 
1 | xO=] 1 m 
2 =| 10 
3 
4 t x 
5 (s) | (m) 
6 0.0 | 10.00 
7 0.1 | 9.56 
8 0.2 | 8.28 
9 0.3 | 6.29 
10 0.4 | 3.78 
53 4.7| 0.41 
54 4.8 | 0.19 
55 4.9 | 0.05 
56 5.0 | 0.00 


The graph shown below was plotted using the data from columns C (t) and 


D (x). | Note that the motion of the block ceases after five half - cycles. 


x (m) 


1 1 1 1 be 
aon FN ON FD WD O 


B 
o 


t (s) 
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Picture the Problem The diagram shows the half-cylinder displaced from its equilibrium 
position through an angle @. The frequency of its motion will be found by expressing the 
mechanical energy E in terms of @ and d@/dt. For small @we will obtain an equation of 


2 
the form E = LK +41 (<2) . Differentiating both sides of this equation with respect 
t 


d*@ 
dt? 
Because the situation of interest to us requires that dO/dt is not always equal to zero, we 
ado d60 «x . , : ; , 
have 0=KO0+I de or ae Fg = 0), the differential equation of simple harmonic 
t t 
motion with @* = k/ I. The distance from O to the center of mass D, where, from 
Problem 8-39, D = (4/3)R, and the distance from the contact point C to the center of 
mass is r. Finally, we’ll take the potential energy to be zero where @ is zero and assume 


to time will lead to 0 = xo +] }2 , an equation that must be valid at all times. 
t 


that there is no slipping. 


Apply conservation of energy to obtain: 


0, solid cylinder — 5) 


From Table 9-1, the moment of 1 (2M )R? — MR? 
inertia of a solid cylinder about an 
axis perpendicular to its face and where M is the mass of the half-cylinder. 
through its center is given by: 
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Express the moment of inertia of the 
half-cylinder about the same axis: 


Use the parallel-axis theorem to 
relate I, to Ip: 


Substitute for I, and solve for Ion: 


Apply the parallel-axis theorem a 
second time to obtain an expression 
for Ic: 


Apply the law of cosines to obtain: 


Substitute for r° in equation (2) to obtain: 


! 1 
Lo att cylinder a I, = 5 MR’ | — yur 


I) = Tom + MD? 
I,, =1,-D°M 
1 
= yur —~D°M 


| ie = MR’ —~D’M +Mr’ 


1 (2) 
=M(5R-D? +r" 


r> = R’? + D* —2RDcos@ 


lee m( aR —D°+R?+D? -2RDoos0 = MR’( 3 -22.cos0 | 


Substitute for h and Ic in equation (1): 


2 
E = MgD(1-cos6)+ | in?| 2 9” exo | 22 
2 2 R dt 


1 
Use the small angle approximation cos @ ¥ 1— 5 @ to obtain: 


E =| Mgpe? +R? 
2 2 


aime cal 


Because 0° << 2, we can neglect the Q? in the square brackets to obtain: 


2 
E= + Mab" +5ar(3-22\ 2) 


2 Rh) at 
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Differentiating both sides with respect to time yields: 


2 
0= Mp0 2? + mR’ 3 22\%) aa ; 
dt 2 Rj dt \\ dt 


2 
(3-22) 2) + 9D0 =0, 


2 Rj dt’ 
and 
2 
7] D 
eth py 
CR? 3-22 
Z R 
the differential equation of simple harmonic motion with @° = 73, DY 
2) = Di, 
2 R 
Substitute for D to obtain: ca 
oi =_34_ 9 _(_ 8 g 
G-)* 92-16)R 
2: 3H 
Express the period of the motion in Qn 97r—-16\R 
nae: - T-—=27 es 
terms of wand simplify to obtain: oO 8 g 
=| 7.78 = 
g 
*122 = eve 


Picture the Problem The net force acting on the particle as it moves in the tunnel is the 
x-component of the gravitational force acting on it. We can find the period of the particle 
from the angular frequency of its motion. We can apply Newton’s 2" law to the particle 
in order to express win terms of the radius of the earth and the acceleration due to gravity 


at the surface of the earth. 


(a) From the figure we see that: F. =F. sin@=- salle EX 
R; 
_|  GmM, 
Ry 


Because this force is a linear restoring 
force, the motion of the particle is simple 
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(b) Express the period of the particle 
as a function of its angular 
frequency: 


Apply > F, = ma, to the particle: 


Solve for a: 


Use GM, = gR; to simplify @: 


Substitute in equation (1) to obtain: 


Substitute numerical values and 
evaluate T: 


123 eee 


harmonic motion. 


poses (1) 
7) 
_GmM,, 
R 
aos X=-@°X 
R; 
where 
GM, 
O= 7 
VR: 
2 
be IR ee a 
Ta _ alo, [Re 
g g 
R, 
6.37x10° m 
9.81m/s* 


T =27.|————__ = 5.06 x10’ s 


Picture the Problem The amplitude of a damped oscillator decays with time according 


2 
b 
toA= Ae 2m) We can find b/2m from @! = @,|1- es and then substitute in 
ma, 


the amplitude equation to find the factor by which the amplitude is decreased during each 


oscillation. We’ll use our result from (a), together with the dependence of the energy of 


the oscillator on the square of its amplitude, to find the factor by which its energy is 


reduced during each oscillation. 


(a) Express the variation in 
amplitude with time: 


A=Aee?m (1) 


Relate the damped and undamped 
frequencies of the oscillator: 


Solve for b/2m: 


Find the period of the damped 
oscillations: 


Substitute in equation (1) with t = T 
to obtain: 


(b) Express the energy of the 
oscillator at time t = 0: 


Express the energy of the oscillator 
at time t = T: 


Divide the second of these 


equations by the first, simplify, and 
substitute to evaluate E/Eo: 
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(14-46) 
b oO” ; 

Fp = P04]! 7 = % 1-(0.9) 

= 0.4360, 
T= 20 _ 20 

ao 0.9, 

2a 

A _ basa as ) 7 e304 
Ay 

=| 0.0478 


Ey A \A 
=| 0.00228 


a a } = (0.0477) 


Picture the Problem We can differentiate Equation 14-52 twice and substitute x and 


d’x/dt’ in Equation 14-51 to determine the condition that must be satisfied in order for 


Equation 14-52 to be a solution of Equation 14-51. 


The differential equation of motion 
is Equation 14-51: 


Its proposed solution is Equation 
14-52: 


Obtain the first and second 
derivatives of x: 


d’x , dx 
m—-+b—+m@x = F, cosat 
dt dt 


x = Acos(at — 6) 
dx 


Poe —Aasin(at — 6) 


and 
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2 
=—Aa’ cos(at — 6) 


Substitute in the differential equation to obtain: 
—mA@’ cos(at — 5)— bAasin(at — 5)+ ma; Acos(at — 5) = F, cos at 
Using trigonometric identities, expand cos(at -6 ) and sin(at -6 ) to obtain: 


—~mAq@’ (cos at cos 6 + sin wt sind)—bAa(sin at cos 6 — cos at sin 5) 


+ma@ A(cos at cosé + sin at sind )= F, cos at 
Factor mA(cos atcosé +sin at sind ) from the first and third terms to obtain: 
mA(@? -@ \cos at cosé +sin at sind) —bAa(sin at cos 5 — cos at sin d)= F, cos at 


Factor cos at cos 6 from the first term on the left-hand side of the equation and 
sin@tcos6 from the 2™ term: 


sin at sind 


sin wt cosd 


mAl@? — wo” 
(0 a) \oosercosa}[ 1+ SSaeeGeS 


—bAa(sin at cos al = cosets 


= F, cosat 


Simplify to obtain: 


! t 
mA(«? -o@ \cos ct cos 5)(1+ tan at tan 5)— bAa(sin at cos afi soe ) 
tan ot 
= F, cosat 
Divide both sides of the equation by ma? -@ ): 

bA tan d 
A(cos aot COs 5) + tan ot tan 5) a ; . ; (sin aot COs ay ee 

M\@) —@ tan ot 


0 


= > 51 C0s cat 
mle? —«@) 


The phase constant for a driven oscillator bo 
is given by Equation 14-54: ma, —@ 
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Substitute for tan dé: 


b bA ; 
A(cos at cos 5) 1+ tan at si > (sin wt cos) 
OQ, -@ m\a@, —@ 

bo 

2 2 

ma, —@ 
1 0 = ~~ —» cos wt 
tan ot ma; -—@ ) 
Simplify to obtain: 


F 
A(cos et cos éV +tan? 6) = ao at 
ma; -@ 


1 


Use the trigonometric identity 1+ tan’? 6 = ra. 
cos’ 0 


A(cos at cos 6) = a ae - cos at 


F, cosé 


Acos at = : z\Ccos at 
ma; -—@ ) 


Thus x= Acos(at —5)is a a F, coso 
solution to Equation 14-51 7 mle? -@ ) 


provided: 


Simplify to obtain: 


#125 eee 
Picture the Problem We can follow the step-by-step instructions provided in the 
problem statement to obtain the desired results. 


(a) Express the average power P=F.-¥ = Fvcos0 
delivered by a driving force to a or, because @is 0°, 
driven oscillator: P=Fv 

Express F as a function of time: F = F,cosat 
Express the position of the driven x= Acos(at = ) 


oscillator as a function of time: 


1147 
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Differentiate this expression with 
respect to time to express the 
velocity of the oscillator as a 
function of time: 


Substitute to express the average 
power delivered to the driven 
oscillator: 


(b) Expand sin(at -6 ) to obtain: 


Substitute in your result from (a) 
and simplify to obtain: 


(c) Integrate sin 0 cos @ over one 


period to determine (sin Ocos ) : 


Integrate cos’ @ over one period to 


determine (cos” 0): 


Substitute and simplify to express 
Ps: 


v =—Aasin(at — 6) 


P =(F, cos at)|— Aasin(at — 6)| 


=| — AoF, cos at sin(at — 5) 


sin(wt — 5) = sin at cos 6 — cos at sind 


P =—A@F, cos at(sin at cos 5 


—cos at sin 5) 
AoF, sin 6 cos’ at 
— A@F, cos 6 cos at sin at 


[22 
(sin O cos ) = = [sin 0 cot 


Al 


[ 2a 
=|! sin?o 
| 2 


2a 


=o E se + cos20 0 


0 


[ 22 20 
an [aes fooxzauo| 
| 9 


20 
1 1 
a 


P. = A@F, sin 6(cos’ wt) 
— A@F, cos 5(cos at sin at) 
1 A@F, sind — A@F, cos 6(0) 


=| + AoF, sind 


(d) Construct a triangle that is 
consistent with 


ba 


tand = : 
mlar aa 


Using the triangle, express sind: 


Using equation 14-53, reduce this 
expression to the simpler form: 


for @: 


. A 
(e) Solve sind = 70 
0 


Substitute in the expression for Py, 
to eliminate @: 


Substitute for sin 6 from (d) to 
obtain Equation 14-55: 
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bo 


sind = ee ; 
Jim? (cw? ~ 0’) +ba@ 
sind = pan 
F, 
o=— sind 
A 


oH) 
Po die? re 
2b 


1 ba’ F, 


2 
2 m?(a - «”) +bo 


Picture the Problem We can follow the step-by-step instructions given in the problem 


statement to derive the given results. 


(a) Express the condition on the 
denominator of Equation 14-55 
when the power input is half 

its maximum value: 


Factor the difference of two squares 
to obtain: 


(b) Use the approximation 
+ @ * 2q@ to obtain: 


2. 
m? (ai = «) +b°@ =2b°a; 


and, for a sharp resonance, 


2 
m? (we _ o) ~b°a; 
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Solve for @— @.: Q,-O= 2. (1) 


(c) Using its definition, express Q: Q= @ym 
b 
Solve for b: b=| 2m 
Q 
(d) Substitute for b in equation (1) a O. 
to obtain: i —-2Q 
Solve for @: O=a, ae ee: 
2Q 
Express the two values of @: QD 
O, =| ®@ +—- 
2Q 
and 
peepee 
2Q 


Remarks: Note that the width of the resonance at half-power 
isAw = w, —w_ =a, /Q, in agreement with Equation 14-49. 


127 ecco 

Picture the Problem We can find the equilibrium separation for the Morse potential by 
setting dU/dr = 0 and solving for r. The second derivative of U will give the "spring 
constant" for small displacements from equilibrium. In (c), we can use @ = /k/y, 


where k is our result from (b) and wis the reduced mass of a homonuclear diatomic 
molecule, to find the oscillation frequency of the molecule. 


(a) A spreadsheet program to calculate the Morse potential as a function of r is shown 
below. The constants and cell formulas used to calculate the potential are shown in the 
table. 


Cell Content/Formula Algebraic Form 
Bl 5 D 

B2 0.2 B 

C9 C8 +0.1 r+ Ar 

D8 | $BS1*(1-EXP(-$B82*(C8-$B$3)))°2 | ply _ ear)? 
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A B C D 

1 D= | 5 eV 

2 | Beta=|0.2 | nm! 

3 r0= | 0.75 | nm 

4 

5 

6 r U(r) 
Z (nm) | (eV) 

8 0.0 | 0.13095 
9 0.1 | 0.09637 
10 0.2 | 0.06760 
11 0.3 | 0.04434 
12 0.4 | 0.02629 
235 22.7 | 4.87676 
236 22.8 | 4.87919 
237 22.9 | 4.88156 
238 23.0 | 4.88390 
239 23.1 | 4.88618 


The graph shown below was plotted using the data from columns C (r) and 
D (U(r). 


0.7 
0.6 
0.5 
= 0.4 
> 03 
0.2 
0.1 E 
0.0 = 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
r (nm) 
(b) Differentiate the Morse potential dU f= d (oh eA) “| 
with respect tor to obtain: dr dr 
=—2pp|l-e?"-| 
Set this derivative equal to zero for —2 poll -e? v0) | =0 


extrema: 
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Solve for r to obtain: r= 


Evaluate the second derivative of dU d { > poi ero) )} 
U(r) to obtain: dr? dr 


= 28? De hr") 


Evaluate this derivative at r = ro: d’U 
: | =26°D (1) 

dr r=n 
Recall that the potential function for U =1kx* 
a simple harmonic oscillator is: 
Differentiate this expression twice to d’U sa 
obtain: dx? = 
By comparison with equation (1) we k=|2f8°D 
have: 
(c) Express the oscillation frequency k 
of the diatomic molecule: ans Ul 


where sis the reduced mass of the 


molecule. 
Express the reduced mass of the _ mm, _ m _m 
homonuclear diatomic molecule: 7 m, +m, 2m 2 
Substitute and simplify to obtain: 2B°D D 
m m 
2 


Remarks: An alternative approach in (5) is the expand the Morse potential in a 
Taylor series 


U(r)= U(r)+ (r= HW") +S r-n PU) higher order terms 


to obtain U(r) ~ B ?D(r =f; y . Comparing this expression to the energy of a spring- 


and-mass oscillator we see that, as was obtained above, k = 2f *D. 


Chapter 15 
Wave Motion 


Conceptual Problems 


*1 e 

Determine the Concept The speed of a transverse wave on a rope is given by 

v =./F'/u where F is the tension in the rope and sz is its linear density. The waves on the 
rope move faster as they move up because the tension increases due to the weight of the 
rope below. 


2 e 
Determine the Concept The distance between successive crests is one wavelength and 


the time between successive crests is the period of the wave motion. Thus, 7 = 0.2 s and 
f =\/T = 5Hz. (b)is correct. 


3 e 
Picture the Problem True. The energy per unit volume (the average energy density) is 
given by 7,, =+a@’s, where sp is the displacement amplitude. 


4 ° 
Determine the Concept At every point along the rope the wavelength, speed, and 
frequency of the wave are related by 1 = v/f. The speed of the wave, in turn, is given 


by v=./F/s where F is the tension in the rope and sis its linear density. Due to the 


weight of the rope below, the tension is greater at the top and the speed of the wave is 
also greater at the top. Because 1 « v, the wavelength is greater at the top. 


*5 ‘ 
Determine the Concept The speed of the wave v on the bullwhip varies with the tension 
F in the whip and its linear density 4 according to v = JF/u . As the whip tapers, the 
wave speed in the tapered end increases due to the decrease in the mass density, so the 
wave travels faster. 


6 e 
Picture the Problem The intensity level of a sound wave f, measured in decibels, is 
given by B= (10 dB)log(Z/I, ) where J) = 10°'” W/m’ is defined to be the threshold of 


hearing. 


Express the intensity of the 60-dB _ Lo 196 
: 60dB = (10dB)log—@ => 1,, =10°/, 
sound: 0 


W133 
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Express the intensity of the 30-dB 30dB- (10dB)log 2 = T, =1037 
sound: I) = : 
Because Is = 10°Ls0: The statement is false. 

7 e 


Determine the Concept No. Because the source and receiver are at rest relative to each 
other, there is no relative motion of the source and receiver and there will be no Doppler 
shift in frequency. 


8 e 
Determine the Concept Because there is no relative motion of the source and receiver, 
there will be no Doppler shift and the observer will hear sound of frequency /o. 


| (a) is correct. | 


*9 ee 

Determine the Concept The light from the companion star will be shifted about its mean 
frequency periodically due to the relative approach to and recession from the earth of the 
companion star as it revolves about the black hole. 


10 

Determine the Concept In any medium, the wavelength, frequency, and speed of a wave 
are related through / = v/f: Because the frequency of a wave is determined by its source 
and is independent of the nature of the medium, if v differs in the two media, the 
wavelengths will also differ. In this situation, the frequencies are the same but the speeds 
of propagation are different. 


11 
(a) True. The particles that make up the string move at right angles to the direction the 
wave is propagating. 


(5) False. Sound waves in air are /ongitudinal waves of compression and rarefaction. 


(c) False. The speed of sound in air varies with the square root of the absolute 
temperature. The speed of sound at 20°C is 4% greater than that at 5°C. 


12/6 

Determine the Concept In any medium, the wavelength, frequency, and speed of a 
sound wave are related through / = v/f. Because the frequency of a wave is determined 
by its source and is independent of the nature of the medium, if v is greater in water than 
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in air, 2 will be greater in water than in air.) (a) is correct. 


*13 

Determine the Concept There was only one explosion. Sound travels faster in water 
than air. Abel heard the sound wave in the water first, then, surfacing, heard the sound 
wave traveling through the air, which took longer to reach him. 


Determine the Concept The graph shown below shows the pulse at an earlier time (—A?) 
and later time (Af). One can see that at ¢t = 0, the portion of the string between | cm and 2 
cm is moving down, the portion between 2 cm and 3 cm is moving up, and the string at 
x = 2 cm is instantaneously at rest. 


15 
Determine the Concept The velocity of the string at t = 0 is shown. Note that the 
velocity is negative for 1 cm <x < 2 cm and is positive for 2 cm <x <3 cm. 
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16 
Determine the Concept As the jar is evacuated, the speed of sound inside the jar 
decreases. Because of the mismatch between the speed of sound inside and outside of the 
jar, a larger fraction of the sound wave is reflected back into the jar, and a smaller 
fraction is transmitted through the glass of the bell jar. 


*17 ee 

Determine the Concept Path C. Because the wave speed is highest in the water, and 
more of path C is underwater than A or B, the sound wave will spend the least time on 
path C. 


Estimation and Approximation 


18 ee 
Picture the Problem The rate at which energy is delivered by sound waves is the 
product of its intensity and the area over which the energy is delivered. We can use the 
definition of the intensity level of the speech at | m to find the intensity of the sound and 
the formula for the area of a sphere to find the area over which the energy is distributed. 


Express the power of human speech P=IA 
as a function of its intensity: 


Express the area of a sphere of A=4m” = Ar(I m) =47m°* 
radius | m: 


= I 
Use 6 = (10dB)log(Z/I, ) to solve 65dB =(10dB)log— 
for the intensity of the sound at the rf 
65-dB level: and 
1 =10°° J, =10°°(10-? W/m?) 


= 3.16x10° W/m? 


Substitute and evaluate P: P= 3 16x10°° W/m? (4x m?) 
=| 3.97xl10° W 


19 ee 
Picture the Problem Let d represent the distance from the bridge to the water under the 
assumption that the time for the sound to reach the man is negligible; let t be the elapsed 
time between dropping the stone and hearing the splash. Well use a constant- 
acceleration equation to find the distance to the water in all three parts of the problem, 
just improving our initial value with corrections taking into account the time required for 
the sound of the splash to reach the man on the bridge. 


(a) Using a constant-acceleration 
equation, relate the distance the 
stone falls to its time-of-fall: 


Substitute numerical values and 
evaluate d: 


(b) Express the actual distance to the 


water a’ in terms of a time 
correction Af: 


Express At: 


Substitute to obtain: 


Substitute numerical values and 
evaluate a’: 


(c) Express the total time for the 
rock to fall and the sound to return 
to the man: 


Rewrite the equation in quadratic 
form: 


Substitute numerical values to 
obtain: 


Solve for the positive value of d: 


#20 ee 
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d=vt+igt? 

or, because vo = 0, 

d=tgt" 

d =4(9.81m/s?)(4s) = 
d'=+e(t—Ary 

eee 


d'=40.81m/s*)| 45-22 ™ 
340 m/s 
- 
At a Atesning rock + At ound a as us 
& Y;, 


Ss 


d? ~via +v2(ArY =0 
g Y, 


d” — (2.6310 m)d +1.85x10° m? =0 


d= ... about 1% larger than 


our result in part (b) and 11% smaller than 


our first approximation in (a). 


Picture the Problem You can use a protractor to measure the angle of the shock cone 
and then estimate the speed of the bullet using sin @ = v/u. The speed of sound in 
helium at room temperature (293 K) is 977 m/s. 
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Relate the speed of the bullet u to 
the speed of sound v in helium and 


the angle of the shock cone @: 


Solve for u: 


Measure @ to obtain: 


Substitute numerical values and 
evaluate u: 


21 eo 


Picture the Problem Let d be the distance to the townhouses. We can relate the speed of 
sound to the distance to the townhouses to the frequency of the clapping for which no 


echo is heard. 


Relate the speed of sound to the 


distance it travels to the townhouses 


and back to the elapsed time: 


Express d in terms of the number of 


strides and distance covered per 
stride: 


Relate the elapsed time Af to the 
frequency fof the clapping: 


Substitute numerical values and 
evaluate v: 


Express the percent difference 
between this result and 340 m/s: 


Speed of Waves 


22° 


2d 
v=— 
At 


d = (30strides )(1.8m/stride) = 54m 


f 2.5claps/s 
y= 2(54m) =| 270m/s 
0.4s 


340 m/s — 270 m/s 
=| 20.6% 
sdk” 


Picture the Problem The speed of sound in a fluid is given by v = ,/B/p where B is the 


bulk modulus of the fluid and pis its density. 


(a) Express the speed of sound in 
water in terms of its bulk modulus: 


Substitute numerical values and 
evaluate v: 


= 
I 
D [| & 


2.0x 10° N/m? 
y= =| 1.41km/s 
| 10° kg/m? 
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(b) Solve v =./B/p for B: B= pv 

Substitute numerical values and f= (13.6 x10° kg/m? \(1410 m/s) 
ae ~[2.70x10" Nim? 

*23 


Picture the Problem The speed of sound in a gas is given by v=4/yRT/M where R is 


the gas constant, Tis the absolute temperature, Mis the molecular mass of the gas, and v 
is a constant that is characteristic of the particular molecular structure of the gas. Because 
hydrogen gas is diatomic, y = 1.4. 


Express the dependence of the speed YRT 
of sound in hydrogen gas on the y M 
absolute temperature: 


Substitute numerical values and _ 1.4(8.314J/mol- K )(300K 
evaluate v: — 2x10~ kg/mol 
=| 1.32km/s 


24 
Picture the Problem The speed of a transverse wave pulse on a wire is given by 


v =,/F'/u where F is the tension in the wire, m is its mass, L is its length, and zis its 


mass per unit length. 


Express the dependence of the speed F 
a v= [— 
of the pulse on the tension in the Ll 
we where zis the mass per unit length of the 
wire. 
Substitute numerical values and F 900N 
evaluate v: ame ys ~ V0.1kg/7m =| 251mis 


25 ¢ 
Picture the Problem The speed of transverse waves on a wire Is given by 


v =,/F'/u where F is the tension in the wire, m is its mass, L is its length, and zis its 


mass per unit length. 
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Express the dependence of the speed F 
ms v= |— 
of the pulse on the tension in the m/L 
wire and the linear density of the 
wire: 
Solve for m: _ FL 
ae 
v 
i i 550N )(0.8 
Substitute numerical values and Hie ( )( Sm) -|19.6g 
evaluate m: (150m/s) 
#26 ° 


Picture the Problem The speed of a wave pulse on a wire is given by v = / F'/z where 


F is the tension in the wire, m is its mass, L is its length, and yz is its mass per unit length. 


(a) Doubling the length while v=! 20m/s 
keeping the mass per unit length 


constant does not change the linear 


density: 

(b) Because v depends of JF, v= /2(20 m/s) =| 28.3m/s 
doubling the tension increases v by a 

factor of a2) : 

(c) Because v depends on Vu, ia 20m/s mire 
doubling reduces v by a factor of V2 


yd 


27 
Picture the Problem The speed of a transverse wave on the piano wire is given by 


v=,F i Lt where F is the tension in the wire, m is its mass, L is its length, and yz is its 


mass per unit length. 


(a) The speed of transverse waves 7 Pa _|F 
on the wire is given by: = \ U WV i / L 
Substitute numerical values and 500N 
y= =| 265m/s 
evaluate v: \ (0.005 kg)/(0.7 m) 


(b) Letting m' represent the mass of 
the wire when copper has been 
wrapped around the steel wire, 
express Am, the amount of copper 
wire required: 


Express the new wave speed v’: 


Express the ratio of the speed of the 
waves in part (a) to the reduced 
wave speed: 


Solve for and evaluate m’: 


Substitute to obtain: 


28 ee 
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Am=m'-—m 


, F 
Vv — 
m'/L 
rie 
La =2= mL = m' 
y! F m 
m'/L 
m'=4m 


Am=m'—m=4m-m = 3(5g) 
=/15.0g 


Picture the Problem We can estimate the accuracy of this procedure by comparing the 


estimated distance to the actual distance. Whether a correction for the time it takes the 


light to reach you is important can be decided by comparing the times required for light 


and sound to travel a given distance. 


(a) Convert 340 m/s to km/s: 


(6) Express the fractional error in 
the procedure: 


(c) Compare the time required for 
light to travel 1 km to the time 
required for sound to travel the same 
distance: 


y=340 x km 


=| 0.340km/s 
s 1000m 


AS _ §—Sestimatea _ 0-340f — 0.333¢ 


Ss KY 0.340¢ 
= wu =| 2.06% 
0.340 
lkm 
At 


light 253 340 m/s | =é 
Ikm c¢ 3x10*m/s 


v 


At 


sound 
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Because this fraction is so small, a correction for the time for light to 


reach you is not important. 


#29 oe 
Picture the Problem The speed of a transverse wave on a string is given by 
v =./F/u where F is the tension in the wire and is its linear density. We can 


differentiate this expression with respect to F and then separate the variables to show that 
the differentials satisfy dv/v = 4dF/F . We'll approximate the differential quantities to 


determine by how much the tension must be changed to increase the speed of the wave to 
312 m/s. 


(a) Evaluate dv/dF: dv d F 1/1 lv 
dF dF\\ul| 2\Fu 2 F 
Separate the variables to obtain: dv _1dF 
vy i2F 
(b) Solve for dF: dF = op ly 
v 
Approximate dF with AF and dv AF =2Pp oY 
with Av to obtain: v 
Substitute numerical values and AF = 2(500N) 12m/s _ 40.0N 
evaluate AF: 300 m/s 
30 eco 


Picture the Problem The speed of sound in a gas is given by v=./yRT/M where R is 


the gas constant, 7 is the absolute temperature, M is the molecular mass of the gas, and v 
is a constant that is characteristic of the particular molecular structure of the gas. We can 
differentiate this expression with respect to T and then separate the variables to show that 
the differentials satisfy dv/v = 4dT/T. We’ll approximate the differential quantities to 
determine the percentage change in the velocity of sound when the temperature increases 
from 0 to 27°C. Lacking information regarding the nature of the gas, we can express the 
ratio of the speeds of sound at 300 K and 273 K to obtain an expression that involves just 
the temperatures. 


(a) Evaluate dv/dT: 


Separate the variables to obtain: 


(6) Approximate dT with AT and dv 
with Av and substitute numerical 
values to obtain: 


(c) Using a differential 
approximation, approximate the 
speed of sound at 300 K: 


Substitute numerical values and 


evaluate V309 : 


Use v=./yRT/M to express the 


speed of sound at 300 K: 


Use v=./yRT/M to express the 


speed of sound at 273 K: 
Divide the first of these equations 


by the second and solve for and 
evaluate v309 k: 


31 ecco 
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dy _ | [RT] _1 M (8) 
dT dT\\ M | 2\RT\M 


LY 

2T 
dy la? 
vy 2T 


Av l1AT  1f{ 27K 
= = =| 4.95% 
ee cre ed 


V300K © Vo73K + Vo73K 


Av 
= V973K arr 


Vox = (331m/s)(1 + 0.0495) =| 347 m/s 


— yR(300K ) 
300K —14f. a7, 
yom 

yR(273K) 
Yk Vy 


yR(B300K) 
Y300K _ \ M _ [300 
Vox yR(273K) 214 


VM 


and 


Vn: = (831s) JE =[ 347 mi 


Note that these two results agree to three 
significant figures. 


Picture the Problem The speed of sound in a gas is given by v=4/yRT/M where R is 


the gas constant, T is the absolute temperature, M is the molecular mass of the gas, and v 
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is a constant that is characteristic of the particular molecular structure of the gas. Because 
T=t+273 K, we can differentiate v with respect to ¢ to show that dv/dt = 1(/ T ) 


Evaluate dv/dt: dv dl YR\t +273 K 
dt dt}V  M 


Scores) 


ae 
2T 
Substitute for ¢ to obtain: dv 1 y 
dt 2|t+273K 
Use the approximation v(t) wy (0° C)+ J v ; 
2| t+ 273K (1) 
v(T) = (7, )+ (| AT = v(0°C)+ Av 
dT ), 
y where 
fag 1} 331m/s ; 
ies 2| t+273K 
For t << 273 K: [ 
a Apes 22 3 |p (iebemiea 
2| 273K 
Substitute in equation (1) to obtain: v(t ) = v(0°C)+ (0.606 m/s- K)t 


=| 331m/s+(0.606m/s:K)t 


32 ee 
Picture the Problem Let d be the distance to the munitions plant, v; be the speed of 
sound in air, v7 be the speed of sound in rock, and At be the difference in the arrival times 
of the sound at the man’s apartment. We can express Af in terms of ¢] and #2 and then 
express these travel times in terms of the distance d and the speeds of the sound waves in 
air and in rock to obtain an equation we can solve for the distance from the man’s 


apartment to the munitions plant. 


Express the difference in travel t,t, =At 
times for the sound wave 

transmitted through air and the 

sound wave transmitted through the 

earth: 


Wave Motion 

Express the transmission times in t, =— and t, =— 
terms of the distance traveled and V, Vy 
the speeds in the two media: 
Substitute to obtain: ded Lie 

MW, OV, 

or 

Ferm (er | eel 

Ye Ve, ViVo 
Solve for d: ; aie ae 
Vg Mi 
Substitute numerical values and Ae (340 m/s)(3000 m/s) (3s) 
evaluate d: 3000 m/s — 340 m/s 
=|1.15km 

33 ecco 
Picture the Problem The locations of the 
lightning strike (L), dorm room (R), and L N 


baseball park (P) are indicated on the : P -—— 
diagram. We can neglect the time required 
for the electromagnetic pulse to reach the 
source of the radio transmission, which is 
the ballpark. The angle @ is related to the 
sides of the triangle through the law of 
cosines. We’re given the distance dpr and 
can find the other sides of the triangle 
using the speed of sound and the elapsed 
times. 


Using the law of cosines, relate the angle @ to the distances that make up the sides 
of the triangle: 


dey = App + don — 2d, pdpp COS(180°— 9) = d?, + dog + 2d, pd pp COSO 


Solve for & p= cor —dip —din 
2th gthog 
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Express the distance from the di» =V,Atip = (340 m/s)(2 s) = 680m 
lightning strike to the ball park: 


Express the distance from the dc=VAn= (340 m/s)(6 s) = 2040m 
lightning strike to the dorm room: 


Substitute and evaluate @. 


_ cos { G0 my’ — (680m) —(1600my 


= +58.4° 
2(680m)(1600m) | 


The lightning struck 680 m from the ballpark, 58.4° W (or E) of north. 


*3A eee 
Picture the Problem Choose a coordinate 
system in which station Alpha is at the y 
origin and the axes are oriented as shown 
in the pictorial representation. Because a 

0.75 mi = 1.21 km, Alpha’s coordinates are 4 \ 

(0, 0), Beta’s are (1.21 km, 0), and those of a, \4s 
the lightning strike are (x, y). We can relate 7 

the distances from the stations to the speed a 3 
of sound in air and the times required to ez . 
hear the thunder at the two stations. Alpha Beta 


Relate the distance d, to the position x by ad. (1) 
coordinates of Alpha and the 
lightning strike: 


Relate the distance dz to the (x = | .21kmy de y = 72 (2) 
position coordinates of Beta and the : 
lightning strike: 


Relate the distance d, to the speed d, =vAt, = (340 m/s\(3.4 s) =1156m 
of sound in air v and the time that 

elapses between seeing the lightning 

at Alpha and hearing the thunder: 


Relate the distance dz to the speed dy = vAt, = (340 m/s)(2.5 s) = 850m 
of sound in air v and the time that 

elapses between seeing the lightning 

at Beta and hearing the thunder: 


Substitute in equations (1) and (2) to V+y= (1 156m) =1.336km? (3) 


obtain: aad 


Subtract equation (4) from equation 
(3) to obtain: 


Solve for x to obtain: 


Substitute in equation (3) to obtain: 


Solve for y, keeping the positive 
root because the lightning strike is 
to the north of the stations, to 
obtain: 


The coordinates of the lightning 
strike are: 
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(x —1.21km)’ + y? =(850m)° 
20 7225kn" 


x? —(x-1.21km)’ =1.336km? 
— 0.7225 km? 


or 


(2.42km)x —(1.21km)’ = 0.6135km? 


x =0.855km 


(0.855km) + y? =1.336km? 
y =0.778km 


(0.855 km, 0.778 km) 
or 


(0.531 mi, 0.484 mi) 


Picture the Problem The velocity of longitudinal waves on the Slinky is given by 


v =./B/p where B is the bulk modulus of the material from which the slinky is 


constructed and p is its mass per unit volume. The velocity of transverse waves on the 
slinky is given by v = ,/F'/y where F is the tension in the slinky and zis its mass per 


unit length. Substitution for B and p will lead to v = L./k/m in (a) and similar 


substitutions, together with the assumption that Zo << L will yield the same result for (5). 


(a) Express the velocity of 
longitudinal waves on the slinky: 


For the slinky: 


Letting A be the cross-sectional area 


of the slinky: 


pale (1) 
ye) 

p=" 
V 

and 

or (2) 
AV /V 

p=—and P=-k— 
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Substitute in equation (2) and Rak 
simplify to obtain: 


Substitute in equation (1): k L 
A k 
y= |4- Le 
m m 
Van 
(6) Express the velocity of transverse Fal 
ae v= [— (3) 
waves on the slinky: Vu 
For the slinky: _m 
aa 
and 


F =kAL = H(L~1,)= ka{1-2 


@kL if L, <<L 


Substitute in equation (3) to obtain: kL k 
v= mm = a 
L 


The Wave Equation 
36s 
. es ae en 
Picture the Problem The general wave equation is a = eae To show that each of 
IX vo ot 


the functions satisfies this equation, we’ll need to find their first and second derivatives 
with respect to x and ¢ and then substitute these derivatives in the wave equation. 


(a) Find the first two spatial oy 2% k(x a ty 
derivatives of y(x,t) = k(x + vt) : Ox 
and 
2 
oY ~ 6k(x+vt) (1) 
ox 
Find the first two temporal oy 2% k(x ay ty 
derivatives of y(x,t) = k(x + vt) : Ot 


Express the ratio of equation (1) to 
equation (2): 


(b) Find the first two spatial 
derivatives of y(x,t)= Ae™O: 


Find the first two temporal 
derivatives of y(x, t) = Agik(). 


Express the ratio of equation (3) to 
equation (4): 


(c) Find the first two spatial 


derivatives of y(x, t)=Ink(x—vt): 


Wave Motion 


2 
= 6kv?(x+ vt) (2) 


Oy 

axe _ 6k(x+vt) | 1 
Cy 6k (x4+vt) Lv? 
at 
confirming that y(x, t) = k(x + vty 


satisfies the general wave equation. 


oy = ikAe#kO™) 
Ox 


and 
Ory 2 
ax 


or 


YL 7242 Ae ik(x- vt) 


2 
< = _k? Ack) (3) 


oy _ —~ikvAe ik (x- vt) 
Ot 


and 
oY Ky 2 de ik(x-vt) 
or 


oy —— 24,2 geik(ew) (4) 
et” 


Ox? _ —k 2 Ap” (x-vt) 1 
ay —k’y 2 Aeik x- vt) y 
at? 
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confirming that y(x,t)= Ae“) satisfies 


the general wave equation. 


Fa -— (5) 


1170 Chapter 15 


Find the first two temporal 


derivatives of y(x, t)=Ink(x—vt): 


Express the ratio of equation (5) to 
equation (6): 


*37 ° 


Oy ___vk 

Ot x—vt 

and 

Ory _ ve (6) 
at? (x-vt) 

Oy _ k* 

Ox? (x-vt) ie 

a’y vk? v 

6t> — (x-vt) 


confirming that y(x, t) =In k(x — vt) 


satisfies the general wave equation. 


2 


Oy 1ay 


Picture the Problem The general wave equation is —+ = ——~-. To show that 


Ox? =o’ at’ 


y = Asin kxcos ot satisfies this equation, we’ll need to find the first and second 


derivatives of y with respect to x and ¢ and then substitute these derivatives in the wave 


equation. 


Find the first two spatial derivatives 
of y= Asinkxcosat: 


Find the first two temporal 
derivatives of y= Asinkxcosat: 


Express the ratio of equation (1) to 
equation (2): 


yy = Akcoskxcos ot 

Ox 

and 

Ory oi 

—~ = —Ak’ sin kx cos at (1) 
Ox 


a = —@Asin kx sin ot 
Ot 


and 
ale 
CY _ _o Asinkxcos at (2) 
ot 
ey 
ax? _ —Ak* sinkxcosat _ k? 
Oy -—A@’ sinkxcosat @° 
et? 

Bee 

v 


confirming that y = Asinkxcosot 


satisfies the general wave equation. 
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Harmonic Waves on a String 


38s 
Picture the Problem We can find the velocity of the waves from the definition of 
velocity and their wavelength from A = v/f. 


Express the wavelength of the Gis ¥v 
waves: f 

. eae . 6 
Using the definition of velocity, find _ Av Le (ois 
the wave velocity: At 5s 

i in: 12m/s 
Substitute to obtain: Fin = =| 20.0em 
60s 

39 


Picture the Problem Equation 15-13, y(x,t)= Asin(kx— at), describes a wave 


1171 


traveling in the positive x direction. For a wave traveling in the negative x direction we 


have y(x,t) = Asin(kx + at). 


(a) Factor k from the argument of (x t) ae ig f 
the sine function to obtain: ae 


=) Asin k(x—vt) | 


(b) Substitute k = 27/A and _ (2a 
- a0 9 
@ = 27f to obtain: yeot) aun A a 
; x 
=| Asin2z| —— ft 
G-2) 
(c) Substitute k = 27/A and ney en 20 2, 
x,t)= — —— 
@ = 2z/T to obtain: Z 
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(d) Substitute k = 27/A to obtain: oe) = Asin{ 7% 7 or| 
= Asin =. - Zo ) 
20 
= Asin (x —vt) 
(e) Substitute k = 27/A and y(x,t) = Asin (kx —27ft) 


= 27f to obtain: 
= Asin 27f ae —t 
2af 


= Asin daf{=—t] 


For waves traveling in the negative x 


direction, we simply change the — signs to 
+ signs. 


#40 ° 
Picture the Problem We can use f= c/Z to express the frequency of any periodic wave 
in terms of its wavelength and velocity. 


(a) Find the frequency of light of fz © - 2.998% 10° m/s 


7 = = =7.50x 10" Hz 
wavelength 4x10‘ m: A 4x10-°m 


Find the frequency of light of Fez ¢ 2.998x 10° m/s 
wavelength 7x10’ m: A 7x10 m 


Therefore the range of frequencies 4.28 x10" Hz< f <7.50x10" Hz 


1S: 


= 4.28 x10" Hz 


(5) Use the same relationship to 


c 2.998x10° m/s 
= — 


calculate the frequency of these A 3x10°? m 
microwaves: —~| 1.0010 Hz 
4i 


Picture the Problem The average power propagated along the string by a harmonic 


wave is P,, = 41a A’v, where v is the speed of the wave, and yz @, and A are the linear 


density of the string, the angular frequency of the wave, and the amplitude of the wave, 


Wave Motion 
respectively. 


Express and evaluate the power propagated P. => uo °A’y 
along the string: 


The speed of the wave on the string is _ |F 
given by: _ Ul 
Substitute for v to obtain: F 
Py = ym’ A? |— 
ya 


Substitute numerical values and evaluate P,y: 


P, =4(47?)(0.05kg/m)(10s) (0.05 my coskem =| 9.87 W | 


42° 
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Picture the Problem The average power propagated along the rope by a harmonic wave 


is P, =4 u@’ A’y,where v is the velocity of the wave, and ys @, and A are the linear 


density of the string, the angular frequency of the wave, and the amplitude of the wave, 


respectively. 


Rewrite the power equation in terms P=4 yo’ Av = 27’ uf’? A’v 


av 


of the frequency of the wave: 


Solve for the frequency: fe Py... W.. J28, 
2m uy 2nA\ ww 
The wave velocity is given by: fa 
v= a 
Vu 
Substitute for v and simplify to 1 2P 1 2P. 


obtain: 27A F ~ 2A | UE 
u ee 
u 


Substitute numerical values and evaluate f- 
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fe 1 2(100 W) -[i7iFe | 


27(0.01m) [SIE Jo N) 


43+ 
Picture the Problem Equation 15-13, y(x,t) = Asin(kx - at), describes a wave 


traveling in the positive x direction. For a wave traveling in the negative x direction, we 
have y(x, t) =A sin(kx + at). We can determine A, k, and w by examination of the wave 


function. The wavelength, frequency, and period of the wave can, in turn, be determined 
from k and @. 


(a) Because the sign between the kx and of terms is positive, the wave 
a 
is traveling in the negative x direction. 


Find the speed of the wave: —_ O_ oe _[s00ms 
k 62.8m 
(b) The coefficient of x is k and: pe 20 
A 
Solve for and evaluate A: 20 2a 
A= — =——— =| 10.0cm 
k 62.8 m” [10.0cm | 


The coefficient of t is wand: @ 314s" 
=—= =| 50.0 Hz 
i= 
The period of the wave motion is the 1 1 
T =— =—— =| 0.0200s 
oe 


reciprocal of its frequency: Ft 

(c) Express and evaluate the Vmax = AO = (0.001m)(3 14 rad/s) 
i d of tri _ 

oe speed of any string _ | 0.314m/s | 

44 


Picture the Problem Let the positive x direction be to the right. Then equation 15-13, 
y(x,t) = Asin(kx - at), describes a wave traveling in the positive x direction. We can 


find wand k from the data included in the problem statement and substitute in the general 
equation. The maximum speed of a point on the string can be found from v,,. = A@ and 


max 


: : 2 
the maximum acceleration from d,,,, = AQ’. 
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(a) Express the general form of the y(x,t ) =A sin(kx - ot) 
equation of a harmonic wave 
traveling to the right: 


Evaluate @: o=2nf = 2n(80 s” ) = 503s ' 
Determine k: = QO _ 503s" 419m" 
vy 12m/s 


Substitute to obtain: y(x,t)=| (0.025 m)sin|(41.9m7)x —(503s" }t 


(b) Express and evaluate the Vinx = 4@ = (0.025 m)(503 s) 
maximum speed of a point on the =) Gas 

on peo 

(c) Express the maximum Amax = AD 


acceleration of a point on the string: 


Substitute numerical values and Gis (0.025 m)(503 s? y 
evaluate Qmax: [6.33kmis" | 

=| 6.33km/s” 
45 


Picture the Problem The average total energy of waves on a string is given by 
AE, =F La A’ Ax, where jis the linear density of the string, wis its angular 


frequency, A the amplitude of the wave motion, and, in this problem, Ax is the length of 
the string. The average power propagated along the string is P.,, = +4 ua A’. 


(a) AE,y is given by: AE,, =4+ uo’ A’Ax = 20" uf” A’ Ax 


Evaluate AE,, = 4m" A’ Ax with Ax =L = 20 m: 


0.06k _ 
AE, = 2n( Soot (200s")’(0.012m)*(20m) = 


(b) Express the power transmitted P=tya@’ A’y 
past a given point on the string: 
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The speed of the wave is given by: F 
ya 


Substitute for v to obtain: ra a 
P=t yuo A’ |— 
Lu 

Substitute numerical values and evaluate P,y: 


_,_{ 0.06kg J 50N 
r. =27 [COKE 00s i (0. 012m Bois [ 44.0 | 


20m 


7 
Picture the Problem The power propagated along the rope by a harmonic wave is 
P=4 ua A’y where v is the velocity of the wave, and 44 @, and A are the linear density 


of the string, the angular frequency of the wave, and the amplitude of the wave, 
respectively. We can use the wave function y = (4,e° )sin (lox = at) to determine the 


amplitude of the wave at x = 0 and at point x. 


(a) Express the power associated P=4 a A’y 
with the wave at the origin: 


Evaluate the amplitude at x = 0: A(0) = (4,e° ) = Ay 
Substitute to obtain: P(0) =| 1 ua Aiv 

(5) Express the amplitude of the A(x) = (4,e°°) 

wave at x: 

Substitute to obtain: P(x) =1 ya (4e% yy 


A7 

Picture the Problem The average power propagated along the rope by a harmonic wave 
is P, =} uo * A’y where v is the velocity of the wave, and yz @, and A are the linear 
density of the string, the angular frequency of the wave, and the amplitude of the wave, 
respectively. 


(a) Express the average power 
transmitted along the wire: 


Substitute numerical values and 
evaluate P,y: 


(b) Because Pc f”: 


2 
Because Px A’: 


Because P,, « v and vo JF: 


(c) 


*A8 coe 
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P., =4 uo’ Av = 277 uf’ A’v 


P,, = 27(0.01kg/m\(400s")” 
x (0.5x10° m) (10 m/s) 


=| 79.0mW 


Increasing f by a factor of 10 would | 


increase P,, by a factor of 100. 


Increasing A by a factor of 10 would 


increase P,, by a factor of 100. 


Increasing F by a factor of 10* would 
increase v by a factor of 100 and P,, 
by a factor of 100. 


Depending on the adjustability of the 
power source, increasing f or A 


would be the easiest. 


Picture the Problem We can use the assumption that both the wave function and its first 
spatial derivative are continuous at x = 0 to establish equations relating A, B, C, k,, and ko. 
Then, we can solve these simultaneous equations to obtain expressions for B and C in 


terms of A, vy, and >. 


(a) Let y,(x, ft) represent the wave 
function in the region x < 0, and 
y2(x, t) represent the wave function 
in the region x > 0. Express the 
continuity of the two wave functions 
atx =0: 


Because the sine function is odd; 
ie., sin(— 0)=—sin 0: 


y,(0,t)= y,(0,t) 

and 

A sin|k, (0) at | +B sin|k, (0) + ot | 
=C sin|k, (0) ot | 

or 

A sin(— at) + Bsin ot =C sin(— at) 


— Asin ot + Bsin ot = —C sin ot 
and 


A-B=C (1) 
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Differentiate the wave functions 
with respect to x to obtain: 


Express the continuity of the slopes 
of the two wave functions at x = 0: 


Because the cosine function is even; 
i.e., cos(—)=cosd: 


Multiply equation (1) by x; and add 
it to equation (2) to obtain: 


Solve for C: 


Solve for C/A and substitute w/v, for 
k, and a/v, for k» to obtain: 


Substitute in equation (1) to obtain: 


Solve for B/A: 


Oi Ak, cos(k,x — ot) 
ox 


+ Bk, cos(k,x + at) 


and 


Bis Ck, cos(k,x — at) 
Ox 


Mi) eis 
Ox bs Ox P 
and 


Ak, cos|k, (0)- ot | + Bk, cos|k, (0)+ at | 
= Ck, cos[k,(0)— at] 

or 

Ak, cos(— wt) + Bk, cos ot 


= Ck, cos(— at) 
Ak, cos at + Bk, cos at = Ck, cos at 
and 


kK, A+k,BH=k,C (2) 


2k, A =(k, +k, )C 


_ % 4 2 
k, +k, 1+k,/k, 


Ge Oe. Ne 

A 1+k,/k, | 1+v,/y, 

A-B= g A 
1+v,/v, 


_1-v,/y, 
l+v,/v, 


C A 


B. 
A 


(b) We wish to show that 

B+ (vihv)C? = A’ 
Use the results of (a) to obtain the 
expressions B = -[(1 — @)/(1 + @)] A 
and C= 2A/(1 + @), where a@= v/vo. 
Substitute these expressions into 


B+ (vi/v)C = A 


and check to see if the resulting 
equation is an identity: 


The equation is an identity: 


Wave Motion 
B+iC=2 
2) 


que is 
ise) +a) 
+a = 
l+a l+a 


l-2a+a*+4a_, 
(lta) 

1+2a+a? | 

(lta) 7 

(ita) 

(lta) 

I=] 


Therefore,| B* + “1? = 4’ 
V2 


=] 


Remarks: Our result in (a) can be checked by considering the limit of B/A as 
v/v, — 0. This limit gives B/A = +1, telling us that the transmitted wave has zero 
amplitude and the incident and reflected waves superpose to give a standing wave 


with a node at x = 0. 


Harmonic Sound Waves 


#49 


Picture the Problem The pressure variation is of the form p(x,t) = P, COS k(x = vt) 


where k = - and v = 340m/s. We can find A from k and ffrom @and k. 


(a) By inspection of the equation: 


A 


(b) Because k = — = =. 
A 2 


2af 


(c) Solve v= = - for f to obtain: 


A=| 4.00m 


fo oe 
20 


L179 
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(d) By inspection of the equation: v=] 340m/s 


50 
Picture the Problem The frequency, wavelength, and speed of the sound waves are 
related by v= fA. 


(a) Express and evaluate the Wa ve 340 “ = [1.30m | 
wavelength of middle C: f 262s 


(6) Double the frequency ae = eso 
corresponding to middle C; solve ri 2(262 s” ) 


for and evaluate A: 
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Picture the Problem The pressure amplitude depends on the density of the medium p, 
the angular frequency of the sound wave yz, the speed of the wave v, and the displacement 
amplitude sy according to Py = POVSy. 


(a) Solve py = POVvS, for so: es Po 

0 pov 
Substitute numerical values and — (10* atm\I .01325 x 10° Pa/atm) 
evaluate 59: 2a (1.29 kg/m? (100s )340 m/s) 


=| 3.68x10° m 


(b) Use py = P@vs, to find po: 


Py = 2n(1.29kg/m*)(300s~)(340 m/s)(10~7 m)=| 8.27x107 Pa 


52° 

Picture the Problem The pressure amplitude depends on the density of the medium p, 
the angular frequency of the sound wave yz, the speed of the wave v, and the displacement 
amplitude sy according to Py = POVSy. 


(a) Solve py = POVS, for so: Po 
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Substitute numerical values and —_ 29 Pa 

evaluate so: ° 2x{1.29kg/m* )(1000s")(340 m/s) 
-|2.10x10°m | 

(b) Proceed as in (a) with f= 1 kHz: 29 Pa 


*0 J x{1.29 kg/m ){1000s")(340 m/s) 


=|1.05x10° m 
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Picture the Problem The pressure or density wave is 90° out of phase with the 
displacement wave. When the displacement is zero, the pressure and density changes are 
either a maximum or a minimum. When the displacement is a maximum or minimum, the 


pressure and density changes are zero. We can use Py) = POVS, to find the maximum 


value of the displacement at any time and place. 


(a) If the pressure is a maximum at the displacement s is zero. 


x, when t= 0: 


(b) Solve py = POVS, for so: ene 
0 pov 
Substitute numerical values and (1 (a atm)(I .01325x10° Pa/ atm) 


evaluate so: %o = : - 
0: 2n(1.29kg/m* }(1000s™)(340m/s) 
=| 3.68 um 
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Picture the Problem A human can hear sounds between roughly 20 Hz and 20 kHz; a 
factor of 1000. An octave represents a change in frequency by a factor of 2. We can 
evaluate 2" = 1000 to find the number of octaves heard by a person who can hear this 
range of frequencies. 


Relate the number of octaves to the 2" =1000 

difference between 20 kHz and 20 

Hz: 

Take the logarithm of both sides of log2” = log10° 

the equation to obtain: or 
Nlog2 =3 

Solve for and evaluate N: 3 
N=——=997% 

log2 
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Waves in Three Dimensions: Intensity 


55° 


Picture the Problem The pressure amplitude depends on the density of the medium p, 


the angular frequency of the sound wave yz the speed of the wave v, and the displacement 
amplitude sy according to p, = P@vs,. The intensity of the waves is given by 


2 
1 Po 


2 


[=t pa's,v = -=—— and the rate at which energy is delivered (power) is the product of 
pv 


the intensity and the surface area of the piston. 


(a) Using p, = POVS,, evaluate po: 


(b) Use J = += to find the 


B/S 


intensity of the waves: 


(c) Using P,, = JA to find the power 
required to keep the piston 
oscillating: 
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Py = 2n(1.29kg/m*)(500s) 
x (340mv/s)(0.1x107 m) 


- [18a 


i (138Pa) 
~ 2 (1.29kg/m’)(340m/s) 


- [2:7 Win" | 


(21.6 W/m?)(107 m?) 
0.217 W 


P. 


av 


II 


Picture the Problem The intensity of the sound from the spherical source varies 


inversely with the square of the distance from the source. The power radiated by the 


source is the product of the intensity of the radiation and the surface area over which it is 


distributed. 


(a) Relate the intensity at 10 m to the 
distance from the source: 


Letting 7’ represent the distance at 
which the intensity is 10°° W/m’, 
express the intensity as in part (a): 


e 
I = =e 
4ar 
or 
10° W/m* = ——* 


Divide the first of these equations 
by the second to obtain: 


Solve for and evaluate 7’: 


2 


P 
(b) Solve J = —*~ for Puy: 
4nr 


Substitute numerical values and 
evaluate P,,: 
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ie 
10“ W/m? _ 4x(10m)y 
10°Wim =P, 

Amr” 
r= (10? (tomy =| 100m | 


P.=42r’l 


P,, = 4x(10m)*(10~ Wim? )= 


Picture the Problem Because the power radiated by the loudspeaker is the product of the 


intensity of the sound and the surface area over which it is distributed, we can use this 


relationship to find the average power, the intensity of the radiation, or the distance to the 


speaker for a given intensity or average power. 


(a) Use P,, = 4a’ to find the total 


acoustic power output of the 
speaker: 


(6) Relate the intensity of the sound 


at 20 m to the distance from the 
speaker: 


Relate the threshold-of-pain 
intensity to the distance from the 
speaker: 


Divide the first of these equations 
by the second; solve for and 
evaluate r: 


Wee 
(c) Use J = —*~ to find the 
Amr 


2 


intensity at 30 m: 


P,, =42(20m) (107 Wim’) 


=| 50.3W 
10? Wim? =" 
47(20m) 
1W/m? = “7 
4ar 


r= J107(20m)° =| 2.00m | 


50.3W 
47(30m)" 
—| 445x102 Wim? | 


1(30m)= 
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Picture the Problem We can use conservation of energy to find the acoustical energy 
resulting from the dropping of the pin. The power developed can then be found from the 
given time during which the energy was transformed from mechanical to acoustical form. 
We can find the range at which the dropped pin can be heard from = P/4zr’. 


(a) Assuming that J= P/4zrr’, express 2 eae 
the distance at which one can hear the a= Ar 
dropped pin: 
Use conservation of energy to E = (0.0005)(mgh) 
determine the sound energy generated = (0.0005)(0. 1x10°3 kg)(9.81m/s?) 
when the pin falls: m (I m) 
=4.91x107J 
Express the power of the sound pulse: pe E 4.91x 107J 
At 0.1s 
=4.91x10°W 
Substitute numerical values and 491x10° W 
; r= =| 198m 
evaluate r: \ 4x10" W/m ) 


(5) Repeat the last step in (a) with 4.91x10° W 
T= 10° W/m: Vv ar(lo" Win?) *LS25m0| 
Intensity Level 


59 
Picture the Problem The intensity level of a sound wave /, measured in decibels, is 
given by # =(10dB)log(Z/Z ») where J) = 10°'? W/m’ is defined to be the threshold of 


hearing. 


(a) Using its definition, calculate the 


10° W/m? 
= (10 dB)log); ——_—— 
p =(104B)iog Oe 


whose intensity is 10°'° W/m’: 
u =10log10? =| 20.04B 


intensity level of a sound wave 


(6) Proceed as in (a) with 
T= 107 Win’: 


60 ° 


Wave Motion 1185 


10° W/m? 
p 


10dB)log} ——_——— 
(0aB)og 10 Wi 


=101og10" =| 1004B | 


Picture the Problem The intensity level of a sound wave £ measured in decibels, is 
given by B= (10 dB)log(I ei i) where Jy = 10°'? W/m’ is defined to be the threshold of 


hearing. 


(a) Solve 2 =(10dB)log(Z/Z, ) for 1 


to obtain: 


Evaluate J for 6= 10 dB: 


(b) Proceed as in (a) with B= 3 dB: 
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fz 104/18) 7 


T = 19 Seey. = 101, 


=10(10-? W/m?) = 


f= 10 6¢B/C0dB) 7 = oF, 
= 2(10-? Wim?)=| 2x10? Wim? 


Picture the Problem The intensity level of a sound wave f, measured in decibels, is 
given by 8 =(10dB)log(Z//,,) where J) = 107"? W/m’ is defined to be the threshold of 


hearing. 


Express the sound level of the rock 
concert: 


Express the sound level of the dog’s 
bark: 


Solve for the intensity of the dog’s 
bark: 


Express the intensity of the rock 
concert in terms of the intensity of 
the dog’s bark: 


[eee = (1 0 ang me (1) 


0 


I 
50 dB = (10 ang“ 
vf 
Tagg = 10° Ly = 10°(10"? W/m?) 
=10°7 W/m’ 


=10*T,,. =10°(107 W/m?) 


dog 


=10° W/m? 


Fi 


concert 
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Substitute in equation (1) and 


10° Wim? 
= (10dB)log}; ———__—_ 
Pegiozs ( ) og V Tn? ) 


=(10dB)log10° 


-[ 50068 


evaluate Booncert! 
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Picture the Problem The intensity level of a sound wave /, measured in decibels, is 
given by # =(10dB)log(Z/Z ») where J) = 10°'? W/m’ is defined to be the threshold of 


hearing. 


Express the intensity level of the Le 
louder sound: B, =(10 eBoy 


Express the intensity level of the ‘ie 
softer sound: Ps= (10aB)to| 1 


Express the difference between the B, — B, =30dB 


intensity levels of the two sounds: |x ft -|- [i ‘| 
=(10dB log 


=(10dB)I og Sut 


=(10dB) og .) 


. . I : 
Solve for and evaluate the ratio [,/Is: 7 =19 ana (a) is correct. 
Ss 
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Picture the Problem We can use the definition of the intensity level to express the 


difference in the intensity levels of two sounds whose intensities differ by a factor of 2. 


Express the intensity level before the I 
intensity is doubled: B, = (10 appog 1 


Express the intensity level with the I 
intensity doubled: B, =(10 ang 24 
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AB = B, = B, 
=(10 an)oe ) - oan)tog 1 
0 0 


= (10aB)iog >) = (10 dB)log 2 


=3.01dB ~| 3.04B | 


Express and evaluate AG= () - fi: 


ad fe 
Lal 
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Picture the Problem We can express the intensity levels at both 90 dB and 70 dB in 
terms of the intensities of the sound at those levels. By subtracting the two expressions, 
we can solve for the ratio of the intensities at the two levels and then find the fractional 
change in the intensity that corresponds to a decrease in intensity level from 90 dB to 70 


dB. 


Express the intensity level at 90 dB: 


Express the intensity level at 70 dB: 


Express AZ = fo — fro: 


Solve for Jo: 


Express the fractional change in the 
intensity from 90 dB to 70 dB: 
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90dB = (10 ang 


0 


70dB = (0a)io{ 2 


0 
AB =20dB 


z (0a)to{ £2 - (.0aR)to 


0 0 


= (0aB)fo| 


70 


Typ =100Lg 


L oq — Lo 100149 — Lr 
= =| 99% 
ioe 


Picture the Problem The intensity at a distance rv from a spherical source varies with 


distance from the source according to / = P,, / 4a. We can use this relationship to 


relate the intensities corresponding to an 80-dB intensity level (/g.) and the intensity 


corresponding to a 60-dB intensity level (/60) to their distances from the source. We can 
relate the intensities to the intensity levels through 2 = (I 0 dB)log(Z i a) : 
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(a) Express the intensity of the 
sound where the intensity level is 80 


dB: 


Express the intensity of the sound 
where the intensity level is 60 dB: 


Divide the first of these equations 
by the second to obtain: 


Solve for r: 


Find the intensity of the 80-dB 
sound level radiation: 


Find the intensity of the 60-dB 
sound level radiation: 


Substitute and evaluate r: 


(b) Using the intensity 
corresponding to an intensity level 
of 80 dB, express and evaluate the 
power radiated by this source: 
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Picture the Problem Let /, and /, be the intensities of the sound at distances r; and rp. 


ts 
"Arr 
P 
I — av 
° Arr’ 
Ly 
In 42(10my or? 
Te Es 100m? 
Anr? 
I 
r= (10m) /—* 
L 6 


80 dB = (0an)to 


0 


and 


Tq =10° I, =107* Wim? 


60dB = (10 ap)og| “2 


0 


and 


I) =10°F, =10°° W/m? 


P=IyA 


=] 
= (10-* wim? )[4n(10 m)?| 


-[ 01260] 


We can relate these intensities to the intensity levels through 
f= (10dB)log(Z/Z, ) and to the distances through J = P.. /4n i: 
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Using B= (10dB)log(Z/J,), By _ (10dB)log(Z, /Z,) 
express the ratio 3,/f): B, (10dB)log(/ iff 4) 
_ logl, —log 1, 
log /, —log I, 
Express the ratio of the intensities at I a ie 
: —=-—and 1,=—S/, 
distances r, and 7, from the source i hy a 
and solve for J: 
Substitute and simplify to obtain: 
r 
10log+ J, -10log / 
Bs _ a ee _ 10log /, + 20log(x, /7,)-10log Z, 
B, log I, — log 1, 10log/, —10log J, 
_ 10log(I,/Z,)+20log(r,/) _| B+ 20log(r/7) 
10log(, /Zo) B, 
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Picture the Problem We can use { = (10dB)log(Z /I ») where Jy = 10°” W/m’ is 


1189 


defined to be the threshold of hearing, to find the intensity level at 20 m. Because the 
power radiated by the loudspeaker is the product of the intensity of the sound and the 


surface area over which it is distributed, we can use this relationship to find either the 


average power, the intensity of the radiation, or the distance to the speaker for a given 


intensity or average power. 


(a) Relate the intensity level to the 
intensity at 20 m: 


B= oan)tog 2 


0 


10? Wim? 
= (10dB)log(10")=| 100dB 


—2 2 
=(1088)t{ 1° ules ) 


(b) Use P., = 42r7/ to find the total P= 47(20 my (1 0° Wim’) 
acoustic power output of the - [ 50.3 W | 3W 

speaker: 

(c) Relate the nent of the sound 102 W/m? = —_ 

at 20 m to the distance from the 47(20 m) 


speaker: 
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Relate the threshold-of-pain 
intensity to the distance from the 4rr 
speaker: 


Divide the first of these equations r=./107 (20 m) = 


by the second; solve for and 


evaluate r: 
f, 50.3W 
(d) Use [ = —*~ to find the 1(30m) = ———_ 
Ama om 4x(30m) 
intensity at 30 m: 2245 0? Wine 


Find the intensity level at 30 m: 4.45 x10° Wim? 
10°? W/m? 


= (10 dB)log 4.45 x 10° 


=| 96.5dB 


(30m) =(10dB)log 
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Picture the Problem Let /’ and / represent the sound in consecutive years. Then, we can 
use B= (10 dB)log(/ /1 ») to express the annual increase in intensity levels. 


(a) Express the annual change in AB = B'— B=1dB 
intensity level: = (10 dB)log> _ (10 dB)log 2 
i, I, 
[' 
= (10dB)log— 
I 
Solve for /’/I: —=10"" =1.26 


and the annual increase in intensity 


is This is not a plausible annual 


increase because, if it were true, the 
intensity level would increase by a factor 
of 10 in ten years. 


(b) Because doubling of the The intensity level will double 


intensity corresponds to AZ = 3 dB in 3 years. 


and the intensity is increasing | dB 
annually: 
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Picture the Problem We can find the intensities of the three sources from their intensity 
levels and, because their intensities are additive, find the intensity level when all three 


sources are acting. 


(a) Express the sound intensity level 


I 
Pees = (10 dB log == 


when the three sources act at the F 


time: 
same time -(10dB)log Zt fast 
0 
Find the intensities of each of the 70dB=- (10 dB)log >= 107I, 
three sources: I) 


73 dB =(10 dB)log—2 7.21071, 
0 


and 


80dB =(10dB)log—* = I =10°/, 


0 
Substitute and evaluate {3 sources: 


1077, +107°7, +10°7, 
if 


Basources = (10 dB)log =(10dB)log(10’ +107 +108) 


=| 81.1dB 


(6) Find the intensity level with the 
two least intense sources eliminated: 


8 
Bey = (10dB)log—* = (10dB)log(10°) 


0 


=| 80.0dB 


Eliminating the two least intense sources does not reduce the intensity 


level significantly. 


*7Q ee 
Picture the Problem Let P be the power radiated by the source of sound, and r be the 
initial distance from the source to the receiver. We can use the definition of intensity to 
find the ratio of the intensities before and after the distance is doubled and then use the 
definition of the decibel level to find the change in its level. 


Relate the change in decibel level to AB =10log L 
the change in the intensity level: I 
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Using its definition, express the 
intensity of the sound from the 


source as a function of P andr: 


Express the intensity when the 
distance is doubled: 


Evaluate the ratio of / to /': 


Substitute to obtain: 


71 eco 


l= oi 5 
Arr 
; P P 
f= an 2 
47(2r) 16zr 
P 
As Anr? A 
7 P 
l6zr’ 


AB =10log4 = 6.02dB 


and | (c) is correct. 


Picture the Problem The sound level can be found from the intensity of the sound due to 
the talking people. When 38 people are talking, the intensities add. 


Express the sound level when all 38 
people are talking: 


An equivalent but longer solution: 


Express the sound level when all 38 
people are talking: 


Express the sound level when only 
one person is talking: 


Solve for and evaluate J: 


Express the intensity when all 38 people 
are talking: 


Py = (10 4B)log— 


0 


= (10dB)Iog38 +(10dB)log— 
0 


= (10dB)log38+72dB 
=| 87.8dB 


fxs =(10dB)log— 


0 


B, =724dB =(104B)log> 


0 


I, =10"/, =10”(10-? Wim?) 
=1.58x107° W/m? 


I = 381, 
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The decibel level is: 38(1.58x10° W/m? 
Bog = (10dB)log ( 10°? W/m? 
=| 87.8dB 
*72 Pry) 


Picture the Problem Let 77 represent the efficiency with which mechanical energy is 
converted to sound energy. Because we’re given information regarding the rate at which 
mechanical energy is delivered to the string and the rate at which sound energy arrives at 
the location of the listener, we’ ll take the efficiency to be the ratio of the sound power 
delivered to the listener divided by the power delivered to the string. We can calculate the 
power input directly from the given data. We'll calculate the intensity of the sound at 35 
m from its intensity level at that distance and use this result to find the power output. 


Express the efficiency of the Liat 


conversion of mechanical energy to E 
sound energy: 


Find the power delivered by the bow P, =Pv= (0.6 N)(0.5 m/s) =0.3W 
to the string: 


Usin =(10dB)log(//J, ), find I 
the intensity of the sound at 35 m: i; 


and 


I = 101, =107 Wine 


Find the power of the sound Py =TA= An(10-° W/m? \(35 m) 
emitted: = 0.0154 W 

Substitute numerical values and n= 0.0154 W -~15.13% 

evaluate 7: 0.3 W 

73 ecco 


Picture the Problem Because the sound intensities are additive, we’ll find the intensity 
due to one student by subtracting the background intensity from the intensity due to the 
students and dividing by 100. Then, we’ll use this result to calculate the intensity level 
due to 50 students. 


Express the intensity level due to 50 pe (1 0 dB)log 50/, 
50 


students: 0 
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Find the sound intensity when 100 60dB = (1 0 dB)log Lion 
students are writing the exam: i 
and 


Lo Hil, =10" Wir 


Find the sound intensity due to the 


I 
4 B = 1 B 1 background 
background noise: es ( i ) oe I 


0 


and 
J actesogea = 10°75 = 10° W/m? 
Express the sound intensity due to L100 — Lackgrouna = 10° W/m? — 10° Wim? 
the 100 students: ~ 10° Wim? 
Find th d intensity due to 1 Lge = 1 padeceans : 
ind the sound intensity due to 100 — + background ~10° W/m? 
student: 100 


50(10-* W/m?) 
10°° Wim’ 


Substitute numerical values and 


Bx) = (10dB)log 


evaluate the intensity level due to 50 


students: 


57.0dB 


The Doppler Effect 


74 


+ 
Picture the Problem We can use equation 15-32 (A = =) to find the wavelength of 


s 


v 


+ 
the sound between the source and the listener and 15-35a ( f, = — a J.) to find the 
U, 


vt 


frequency heard by the listener. 


(a) Because the source is Fm 340 m/s — 80 m/s =/1.30m 


approaching the listener, use the 200s" 
minus sign in the numerator of 

Equation 15-32 to find the 

wavelength of the sound between 

the source and the listener: 
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(b) Because the listener is at rest and f= v 
the source is approaching, u, = 0 and "  y-u.~* 
the denominator of Equation 15-35a 340 m/s 2) 
is the difference between the two = 340 m/s —80 m/s 200s 
speeds: 

=| 262 Hz 
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Picture the Problem In the reference frame described, the speed of sound from the 
source to the listener is reduced by the speed of the wind. We can find the wavelength of 
the sound in the region between the source and the listener from v = fA. Because the 
sound waves in the region between the source and the listener will be compressed by the 
motion of the listener, the frequency of the sound heard by the listener will be higher than 


+ 
the frequency emitted by the source and can be calculated using f, = i i ue dos 
vtu, 
(a) The speed of sound in the vy = 340 m/s — 80 m/s =| 260 m/s 
reference frame of the source is: 
(6) Noting that the frequency is Qe 260.m/s =!7-30m: 
unchanged, express the wavelength f  200s™ 
of the sound: 
(c) Apply Equation 15-35a to v+u, 
ie |< a 

obtain: y 

_ {| 260m/s+80m/s (20087) 

260 m/s 

=| 262 Hz 
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Picture the Problem We can use 2 = (v+ u)/ J, to find the wavelength of the sound in 


: vtu 
the region between the source and the listener and f. = “ f, to find the frequency 
vtu 


~ Ss 


heard by the listener. Because the sound waves in the region between the source and the 
listener will be spread out by the motion of the listener, the frequency of the sound heard 
by the listener will be lower than the frequency emitted by the source. 
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(a) Because the source is moving _ 340 m/s + 80 m/s 
away from the listener, use the 200s" 
positive sign in the numerator of No 


Equation 15-32 to find the 
wavelength of the sound between 
the source and the listener: 


(b) Because the listener is at rest and ere 
the source is receding, u, = 0 and the "yt u, : 
denominator of Equation 15-35a is 340 m/s 2) 
the sum of the two speeds: ~ 340 m/s +80 m/s 2008 
=| 162 Hz 
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Picture the Problem We can find the wavelength of the sound in the region between the 
source and the listener from v = f2. Because the sound waves in the region between the 
source and the listener will be compressed by the motion of the listener, the frequency of 
the sound heard by the listener will be higher than the frequency emitted by the source 
vitu, 


and can be calculated using f, = Ts 
vtu, 
(a) Because the wavelength is Fe a 340 m/s - [1.70m | 
unaffected by the motion of the f 200s" 
observer: 
(6) Apply Equation 15-35a to obtain: v+u, 
i to 
_({ 340m/s + 80m/s (200s") 
340 m/s 

=| 247Hz 
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Picture the Problem In this reference frame, the speed of sound will be increased by the 
speed of the listener. We can find the wavelength of the sound in the region between the 
source and the listener from v = f2. Because the sound waves in the region between the 
source and the listener will be compressed by the motion of the listener, the frequency of 
the sound heard by the listener will be higher than the frequency emitted by the source 
and can be calculated using v’ = f{1'. 
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(a) Moving at 80 m/s in still air: The observer experiences a 
wind velocity of 80m/s. 

(b) Use the standard Galilean v'=v+u, =340m/s+80m/s 

transformation to obtain: -| 420m/s 

(c) Because the distance between A= vi = 340 a = [1.70m | 

the wave crests is unchanged: f 200s 

(d) Using the speed of sound in this fe vi _ 420 m/s _~1947Hz 

reference frame, express and "A" 1.70m 

evaluate the frequency heard by the 

listener: 
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Picture the Problem Because the listener is moving away from the source, we know that 
the frequency he/she will hear will be less than the frequency emitted by the source. We 


U,. 


vt 
can use f, = 
vtu 


fd. , with u, = 0 and the minus sign in the numerator, to determine its 


value. 


Relate the frequency heard by the fe Vu, i 
listener to that of the source: ' : 


_ ({ 340m/s—80m/s (20087) 
340 m/s 


=| 153Hz 


80 

Picture the Problem The diagram shows 
the position of the supersonic plane at time 
t after it was directly over a person located 
at point P 5000 m below it. Let u represent 


the speed of the plane and v the speed of 
sound. We can use trigonometry to 
determine the angle of the shock wave as 


well as the location of the jet x when the 


person on the ground hears the shock wave. 
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(a) Referring to the diagram, pak (=)- : { 1 |- : i 1 ) 
=sin | — |=sin | —— ]=sin | — 


express @in terms of v, u, and f: ut u/v 25 
=| 23.6° 
. . h h 
(5) Using the diagram, relate the a 
angle @ to the altitude / of the x tan 0 
plane and the distance x and solve 
for x: 
Substitute numerical values and 5000m 
x =—— =| 114km 
evaluate x: tan23.6° 
81s 
Picture the Problem If both u, and wu, are much smaller than the speed of sound v, then 
A 
the shift in frequency is given approximately eae = +4 where u = us + u, is the 
Vv 


relative speed of the source and receiver. For purposes of this problem, we’ll assume that 
you are an Olympics qualifier and can run at a top speed of approximately 10 m/s. 


Express the frequency, ff, you hear ra vt+u f 
in terms of the frequency of the : ° 


source f,and your running speed u: 


Assuming that you can run 10 m/s , _{ 340m/s+10m/s (1 000H ) 
substitute numerical values and De 340 m/s : 
evaluate f;: 

=| 1029Hz 
Using the positive sign (you are Af = 10 m/s ~2.94% 
approaching the source), express f. 340m/s 


_ Af 
and evaluate the ratio —: 


T 


Because this fractional change in frequency is less than the 3% criterion for 
recognition of a change in frequency, it would be impossible to use your 


sense of pitch to estimate your running speed. 


82 ee 
Picture the Problem Because the car is moving away from the radar device, the 
frequency f, it receives will be less than the frequency emitted by the device. The 
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microwaves reflected from the car, moving away from a stationary detector, will be of a 
still lower frequency f,’. We can use the Doppler shift equations to derive an expression 
for the speed of the car in terms of difference of these frequencies. 


Express the frequency f, received by c-u 
i= Js (1) 
the moving car in terms of f,, u, and 
V: 
Express the frequency /; ' received , {cu 
, J. Hi (2) 
by the stationary source in terms of Cc 
Sp u, and v: 
Substitute equation (1) in equation , (e-u Qu 
(2) to eliminate /;: ii = ‘ iy oe fi 
provided u <<c 
Express the frequency difference 
A ]-— 
detected at the source: Fe St Sa Cc i 
2u 
=~ f, 
Cc 
Solve for u: 
mi a 
. ci 1 8 
Substitute numerical values and ve 3x10° m/s (293 Hz) 
evaluate u: 2(2 GHz) 
1km 
2975 es 
s 10°m h 
=| 79.1km/h 


*B3 oe 
Picture the Problem Because the radial component u of the velocity of the raindrops is 
small compared to the speed v = c of the radar pulse, we can approximate the fractional 
change in the frequency of the reflected radar pulse to find the speed of the winds 
carrying the raindrops in the storm system. 


Express the shift in frequency when Af 
the speed of the source (the storm d. 
system) u is much smaller than the 

wave speed v = c: 
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Solve for u: ee owt 
af 
Substitute numerical values and i= (2 998x108 m/s) 325 Hz 
evaluate u: 625 MHz 
“AS6inles: 0.6215 mi/h 
0.2778 m/s 
=| 349 mi/h 
84 ee 


Picture the Problem Let the depth of the submarine be represented by D and its vertical 
speed by u. The submarine acts as both a receiver and source. We can apply the definition 
of average speed to determine the depth of the submarine and use the Doppler shift 
equations to derive an expression for the vertical speed of the submarine in terms of the 
frequency difference. 


(a) Using the definition of average 2D =vAt=> D=+4VvAt 
speed, relate the depth of the 

submarine to the time delay between 

the transmitted and reflected pulses: 


Substitute numerical values and D=4(1.54km/s\80ms) =| 61.6m 
evaluate D: 
(6) Express the frequency f, ctu 

i ig= Ee (1) 
received by the submarine in terms Cc 
of fo, u, and c: 
Express the frequency /,’ received fx ctu 7 (2) 
by the destroyer in terms of f;, u, and : c " 
c 
Substitute equation (1) in equation pay 

eed (1) in eq Pm eee Polite y 

(2) to eliminate /;: t a s as? 


Express the frequency difference 
detected by the destroyer: 
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Solve for u: a f Ag 
2h 
Substitute numerical values and pe 1.54km/s (0.0 420 MHz) 
evaluate u: 2(40 MHz) 
=| 0.809 m/s 

where the positive speed indicates that the 

velocity of the submarine is downward. 
85 ee 


Picture the Problem Because the car is moving away from the radar unit, the frequency 
fr it receives will be less than the frequency emitted by the unit. The radar waves 
reflected from the car, moving away from a stationary detector, will be of a still lower 
frequency f,’. Let u represent the relative speed of the police car and the receding car 
(140 km/h) and use the Doppler shift equations to derive an expression for the difference 
between f,, the transmitted signal, and f’. 


Express the frequency f, received x cu F (1) 
by the moving car in terms of f, u, : ‘ 


and c: 


Express the frequency /;’ received c-Uu 
; ; i= i (2) 
by the stationary source in terms of 


Sr u, and c: 

Substitute equation (1) in equation ‘ 2 
saiinatet fis[1-=] fe[1-= |p 

(2) to eliminate /;: r e s s 


provided u <<c 


Express the frequency difference 2u 
: ae wh fe=f-(1-Yp 


detected at the source: 


_ 2u 
Cc Ss 
Substitute numerical values and | st km th 
evaluate Af: h 200) 
MP ~4 |(3x10" Hz) 


3x10° m/s 
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Picture the Problem Because the car is moving away from the radar unit, the frequency 
fr it receives will be less than the frequency emitted by the unit. The radar waves 
reflected from the car, moving away from a stationary detector, will be of a still lower 
frequency f,’. Let u represent the relative speed of the police car and the receding car (80 
km/h) and use the Doppler shift equations to derive an expression for the difference 
between f,, the transmitted signal, and /,’. 


Express the frequency f, received cu 
; i,= Je (1) 
by the moving car in terms of f, u, Cc 
and c: 
Express the frequency /,’ received , {e-u 
; = ie (2) 
by the stationary source in terms of Cc 
Sp Uu, and c: 
Substitute equation (1) in equation ‘ 2 
. fiz jeie (pean 
(2) to eliminate f;: t a aL 
provided u << c. 
Express the frequency difference P 2u 
‘ Soe Bade = =| 
detected at the source: Cc 
_2u 

Cc Ss 
Substitute numerical values and x km lh 
evaluate Af: h 3600s 

Af =| ~——_—"—** | (3x 10!" Hz) 


3x10° m/s 


Wave Motion 1203 


87 ee 
Picture the Problem The diagram shows 
the position of the supersonic plane flying 
due west at time ¢ after it was directly over 
point P 12 km below it. Let x be measured 
from point P, u represent the speed of the 


plane, and v be the speed of sound. We can 
use trigonometry to determine the angle of 
the shock wave as well as the location of 


the jet x when the person on the ground 
hears the shock wave. 


Using the diagram to relate the 


tan? =— and x= 
distance x to the shock-wave angle x tan 0 
@ and the elevation of the plane: 
Referring to the diagram, express 0 if WE ae | 
: ; @=sin | — |=sin | — 
in terms of v, u, and ¢ and determine ut u/v 
its value: 1 
= sin | —— |= 38.7° 
1.6 

i i 12km 
Substitute numerical values and = = 145 Olmawestoft 2 
evaluate x: tan38.7° 


88 ee 
Picture the Problem The change in frequency of source as it oscillates on the air track is 


A u : oa ; 
3 Hz. We can use a8 =~ +— to find the maximum speed of the vibrating mass-spring 
Vv 


system in terms of this change in frequency and then use this speed to find the energy of 
the system. Knowing the energy of the system, we can find the amplitude of its motion. 
We can calculate the period of the motion from knowledge of the mass of the radio and 
the stiffness constant of the spring. 


(a) Express the energy of the E= + mu; (1) 
vibrating mass-spring system in 
terms of its maximum speed: 


Relate the change in the frequency Af et 
heard by the listener to the foyv 
maximum speed of the oscillator: where u = us + u, is the relative speed of the 


source and receiver and v is the speed of 
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sound. 
= ‘ A 3H 
Solve for and evaluate u = Umax: ie Af ea Z 3 40 me) 
ds 800 Hz 
= 1.275 m/s 
Substitute numerical values in E= 1(0. 1kg)(I 275 m/s” \; —| 813m] 
equation (1) and evaluate F: 
(b) Relate the energy of the E= +kA° 
oscillator to the amplitude of its 
motion: 
Solve for A to obtain: y foe 


Substitute numerical values and 281. 
a= Pam) _ 


evaluate A: \ 200 N/m 


89 eo 

Picture the Problem The received and transmitted frequencies are related through 

f= vtu, 
"  yptu 


TS 


F., where the variables have the meanings given in the problem statement. 


Because the source and receiver are moving in the same direction, we use the minus signs 


in both the numerator and denominator. 


(a) Relate the received frequency f, f= l-u,/v 7 
n> 0 


to the frequency fo of the source: l-u,/v 


=| (-u,/vXl-u,/v)" fo 


(b) Apply the binomial expansion to (1 —u,/ vy! w1+u,/v 


(l—u,/v)': 


Substitute to obtain: f= (I —u, / v\(l Ate v) fy 


= [l+u,/v—u,/v—(u,/»Yu./“ fo 


(1 = 
y 


because both u, and uv, are small compared 
to v. 
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Because tye] = Us — Ur 


90 ee 
Picture the Problem Because the students are walking away from each other, the 
frequency f’ each receives will be less than the frequency f; = 440 Hz emitted by their 
tuning forks. Let u represent the speed of each student and use the Doppler shift 
equations to derive an expression for the difference between f,, the frequency of the 
tuning fork each carries, and the frequency heard from the other’s tuning fork. Because 
this equation will contain u, we’ll be able to solve for and evaluate each student’s 


walking speed. 

Using equation 15-35a, express the f= l-u/v f 

frequency f; received by either "  I+u/v~° 

student, when they are walking = (1 mer /v\l ay /vy' f 

away from each other, in terms of f,, ; 

u, and v: 

Expand (1 +u/ vy! binomially: (1 +u/ vy! ~1-—u/v provided u <<v. 
Substitute and simplify to obtain: i= (1 —u/ vy f 


(1-2u/v+u?/v?)f, 
(I-2u/v)f, 


for u << v. 


Q 


Express the frequency difference 2u 2u 

A = = = 1 = 
heard by each student: Vato t= Ss y fi v fh 
Solve for u: He Af 

2h, 

Substitute numerical values and we 2 Hz (3 40 m/s) -10.773m/s 
evaluate u: 2(440 Hz) 
91 ee 


Picture the Problem The student serves as a source moving toward the wall, and a 


moving receiver for the echo. The received and transmitted frequencies are related 


vt 
through f, = 7 
v+ 


ae F,. We'll express the frequency received by the wall and the 
U, 


frequency it transmits back to the moving student in order to express the difference in the 
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frequency the student hears from the wall and frequency she hears directly from her 
tuning fork. Because this expression will contain the student’s walking speed, we’ ll be 


able to solve for and evaluate this speed. 


Relate the frequency /; received by 
the wall to the frequency of the 
student’s tuning fork f;: 


Because the source is moving 
toward a stationary receiver: 


Apply the binomial expansion to 


(I-u,/v)': 
Substitute to obtain: 


Relate the frequency /;’ reflected 
from the wall and received by the 
student to the frequency f, reflected 
from the wall: 


Substitute for f, to obtain: 


Expand (1 —u,/ vy" binomially: 


Express the difference between the 
frequency the student receives from 
the wall and the frequency of her 
tuning fork: 


w= f-f'=f-(1- 2) 


(l-u,/v)" el+u,/v 


f, =(1+u,/v)fo 


because the source (the wall) is at rest and 
the receiver is approaching. 


te 


= mara a 
=(l+u,/v\l-u,/v)"f 


(l-u,/v)' e1+u,/v 


because u, << v. 


YS =(I+u,/v\(l+u,/v)f, 
oo (14+2u,/v)f, 


because u, << v 


I a aan 
= (1+2u, /v)f-f, 


2Qu 
= Sf 


v 
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Solve for us: _ Af 
u,=——V 
2f, 
Substitute numerical values and 4Hz 
u. = ————. (340 m/s) =] 1.33 m/s 
evaluate u,: : 2(5 ie Hz) ( ) 1.33 mis | 
#92 oe 


Picture the Problem The frequency heard by the stationary observer will vary with time 
as the speaker rotates on its support arm. We can use a Doppler equation to express the 
frequency heard by the observer as a function of the velocity of the source and find the 
velocity of the source from the expression for the tangential velocity of an object moving 
in a circular path. 


Express the frequency f, heard by a - 1 ter ioe 
stationary observer: I l-u,/v fa U-w hy f, 
Expand (1—u,/v) ‘to obtain: (l-u,/v)' #1+u,/v 


because u,/v << | 


Substitute in the expression for f:: f,=(1+u,/v)f. (1) 
Express the speed of the source as a u, =roasinot 
function of time: = (0.8m)(4 rad/s)sin|(4 rad/s \] 
= (3.2 m/s) sin|(4 rad/s )r] 
Substitute in equation (1) to obtain: 2 C ‘ 3.2m/s sin|[(4 rads) 
Substitute for v and simplify: gala 3.2m/s sin|(4 rad/s] ( 000s") 
340 m/s 


=) 1000 Hz + (9.41 Hz)sin|(4 rad/s)¢] 


93 ee 
Picture the Problem The simplest way to approach this problem is to transform to a 
reference frame in which the balloon is at rest. In that reference frame, the speed of sound 
is v = 340 m/s, and u, = 36 km/h = 10 m/s. Then, we can use the equations for a moving 
receiver and a moving source to find the frequencies heard at the window and on the 
balloon. 
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(a) Express the observed frequency 
in terms of the frequency of the 
source: 


Substitute numerical values and 
evaluate f;: 


(5) Treating the tall building as a 
moving source, express the 
frequency of the reflected sound 
heard by a person riding in the 
balloon: 


Substitute numerical values and 
evaluate f,’: 


94. 


f= [ " ae | Hz) = 


Ss 


1 
sa emer, 
| as 
Vv 
7 = ss (824Hz)=| 849 Hz 
: _ 10m/s 
340 m/s 


Picture the Problem We can relate the frequencies f, and f;’ heard by the stationary 


observer behind the car to the speed of the car u and the frequency of the car’s horn f,. 


Dividing these equations will eliminate the frequency of the car’s horn and allow us to 


solve for the speed of the car. We can then substitute to find the frequency of the car’s 


horn. We can find the frequency heard by the driver as a moving receiver by relating this 


frequency to the frequency reflected from the wall. 


(a) Relate the frequency heard by 
the observer directly from the car’s 
horn to the speed of the car: 


Relate the frequency reflected from 
the wall to the speed of the car: 


Divide equation (2) by equation (1) 
to obtain: 


Solve for u: 


1 
ey (1) 
2 Q) 
d-u/v"? 
f!  14u/v 
f. 1-u/v 
thier 


Substitute numerical values and 
evaluate u: 


(b) Solve equation (1) for f: 


Substitute numerical values and 
evaluate fj: 


(c) The driver is a moving receiver 
and so we can relate the frequency 
heard by the driver to the frequency 
reflected by the wall (the frequency 
heard by the stationary observer): 


Substitute numerical values and 
evaluate fariver! 


95 oo 
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ie 863 Hz — 745 Hz 
863 Hz+ 745 Hz 
lkm 3600s 


=24.95—x—— x 
s 10°m h 


=| 89.8km/h 


(340 m/s) 


f= (l+u/v)f, 


f= (4.2 eoms (745 Hz) 
340 m/s 


=| 800 Hz 


l= fi + “yi 


v 


340 m/s 


=| 926 Hz 


Tees = [ + eS ml 6 Hz) 


1209 


Picture the Problem Let ¢ = 0 when the driver sounds her horn and let the distance to the 


cliff at that instant be d. The received and transmitted frequencies are related 


+ 
through f, = a 


viu 


Ss 


f,. Solving this equation for f, will allow us to determine the 


frequency of the car horn. We can use the total distance the sound travels (car-to-cliff 


plus cliff back to car ... now closer to the cliff) to determine the distance to the cliff when 


the horn was briefly sounded. 
Relate the frequency heard by the 
driver to her speed and to the 


frequency of her horn: 


Solve for f: 


_ lt+u,/v 
f= ile 
f= lay 


~ L+u,/v 
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Substitute numerical values and evaluate f;: 


km th 
00—x 
h 3600s i- 27.78 m/s 
340 m/s 340 m/s 
= 40 Hz) = —~~-.—— (840 Hz) = 713H 
fo im Th 840H2)= —s 77g mnjg 840Hz)= 713 Hz 
100 — 1 +———__ 
h 3600s 340 m/s 

340 m/s 
Relate the distance d to the cliff at d+ (d - uAt) = vAt 
t = 0 to the distance she travels in 
time At= 1 s, her speed u, and the 
speed of sound v: 
Solve for d: d=1(u+v)At 
Substitute numerical values and d =+(27.78m/s + 340 m/s)\(Is) 
evaluate d: —]184m 
96 eo 
Picture the Problem You'll year the sonic 
boom when the surface of its cone reaches 
your plane. In the diagram the Concorde is 2 
at C and your plane is at P. The distance ©. - 
h=3 km. The distance between the planes Si 6] 
when you hear the sonic boom is d. We can 
use trigonometry to determine the angle of 
the shock wave as well as the separation of 
the planes when you hear the sonic boom. 
Using the Pythagorean theorem, relate d’ =h’ +d’ cos’ 6 


the separation of the planes d, to the 
distance h and the angle 0: 


Solve for d to obtain: 1 
d=h a 
1-—cos’ 0 


Express @ in terms of v, u, and f: ‘ (=) : { 1 ) 
6 =sin | — | =sin™}| — 
ut 


Substitute numerical values and 
evaluate 0: 


Substitute numerical values and 
evaluate h: 
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expression for its orbital speed about the sun-Jupiter center of mass and then use this 


Wave Motion 


o =sin'( |= [387] 


1211 


1 
= (3 km), /———————- = | 4.80 km 
d=( MW ieeeaeae 


Picture the Problem The sun and Jupiter orbit about their effective mass located at their 
common center of mass. We can apply Newton’s 2™ law to the sun to obtain an 


speed in the Doppler shift equation to estimate the maximum and minimum wavelengths 
resulting from the Jupiter-induced motion of the sun. 


Letting v be the orbital speed of the 
sun about the center of mass of the 


sun-Jupiter system, express the 


Doppler shift of the light due to this 
motion when the sun is approaching 


the earth: 


Solve for 1’: 


Because v << c, we can expand 
(1—v/c)”? and (1+ v/ey” 


binomially to obtain: 


Substitute to obtain: 


When the sun is receding from the 
earth: 


Hence the motion of the sun will 
give an observed Doppler shift of: 


Cc l+v/ce oc fl4+v/e 
ae Tas eee 


_ [l-v/c 

os I+v/c 
= Ay (1-v/c\l+v/c)' 
= A(l-v/c)” (l4+ v/ey” 


(1-v/c)” «ij 


2c 
and 
(I+ v/ey” Pi ee 
2c 


l-v/e vy y 
=|1 ax l—— 
Vl4+v/e 2¢ Cc 


2 
l+v/c -(+4) in” 
Vi-vie 
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Apply Newton’s 2™ law to the sun: GMM oe _ M ve 
2 7 Ss 
Vom Tom 

Solve for v to obtain: GM or 

y= [—— 

Veen 

Measured from the center of the os (0)M, +hM, _ KM, 
sun, the distance to the center of = M,+M, M,+M, 


mass of the sun-Jupiter system is: 


The effective mass is related to the oe " 1 
masses of the sun and Jupiter Ms, M, M, 
according to: a 
= MM, 
" M,+M, 


Substitute for Meg and rem to obtain: 


Using r,, = 7.78x10'' mas the mean orbital radius of Jupiter, substitute numerical 


values and evaluate v: 


“11 2 2 30 
y= [ese N-m?/kg'}\l.99x10" kg) _ 5 306x104 m/s 


7.78x10'' m 


Substitute in equation (1) to obtain: 


~ 2.998x10* m/s 
= (500nm)(1+ 4.36107) 


4 
a= (0mm) 12 Oe? me | 


The maximum and minimum Rin = (500 nm) 14+4.36x10> 
wavelengths are: 


and 


=| (500nm)(1— 4.36 x10~) 


98 ecco 
Picture the Problem Choose a coordinate system in which downward is the positive y 
direction. Let d represent the distance the tuning fork has fallen when the student hears a 
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frequency of 400 Hz, ¢, the time for the source to fall that distance, and ft, the time for the 


sound to travel back to the student. We can a constant-acceleration equation to express d 


in terms of the time that elapses between the dropping of the tuning fork and the return of 


the sound to the student. A Doppler-effect equation will allow us to solve for the speed of 


the tuning fork when the student hears a frequency of 400 Hz; we can use constant- 


acceleration equations to find the fall time for the fork and the return time for the sound 


from the tuning fork. 


Using a constant-acceleration 
equation, relate the distance the 
source has fallen to the elapsed 
time: 


Relate the frequency f, heard by the 
student to the speed of the falling 
tuning fork: 


Solve for us: 


Substitute numerical values and 
evaluate u;: 


Letting y be the distance the fork 
has fallen when its speed is u,, use a 
constant-acceleration equation to 


relate y and us: 


Solve for y: 


Substitute numerical values and 
evaluate y: 


Using a constant-acceleration 
equation, relate the speed of the 
falling tuning fork to its time of fall 
ty: 


Solve for and evaluate f,: 


2 
d=vt+ tat 


or, because vy) = 0 anda =g, 
d= gt (1) 


where t= ¢, + bh. 


1 
f= aie 
u, = [4-1} 
=| ee Gagne) 34 0 
400 Hz 
u, =v) + 2ey 
or, because vo = 0, 
u, = 2gy 
2 
24, Us 
Jy 2¢ 
4 2 
gaa) = = 58.92m 
2(9.81m/s ) 
u,=V)+ gt, 
or, because vo = 0, 
Uu, = gt, 
u,  34.0m/s 


t, ==" = 3.466 
g  9.81m/s 


1214 Chapter 15 


Using the relationship between a2 58.92m _0.173s 
distance traveled, time and average > y 340 m/s 
speed, find the time ¢, for the sound 
to travel back to the student: 
Substitute in equation (1) and d= 19.8 1m/s” )(3.466 s+0.173 s) 
evaluate d: 
=| 65.0m 


99 eo 
Picture the Problem The angle 0 of the Cerenkov shock wave is related to the speed of 
light in water v and the speed of light in a vacuum c according to sin@ = v/c. 


Relate the speed of light in water v ana v 

to the angle of the Cerenkov cone: c 

Solve for v: v=csin@ 

Substitute numerical values and v= (2.998 x 10° m/s)sin 48.75° 
evaluate v: =| 952108 ale 


General Problems 


100 ° 
Picture the Problem The equation of a wave traveling in the positive x direction is of the 
form y(x,t) = f(x —vt) and that of a wave traveling in the negative x direction 


is y(x,t) = f(x+vt). 
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(a) The pulse at t= 0 shown below was plotted using a spreadsheet program: 


0.035 


0.030 


0.025 


0.020 


0.015 


y (x0) (m) 


0.010 


0.005 


0.000 


X (m) 


(b) The wave function must be of the y(x,t) = f(x-vt)=f [x - (10 m/s)t| 
form: because v = 10 m/s 


Replace x with x — (10 m/s)t to obtain: 0.12m? 


2.00m) +[x—(10m/s)e]’ 


y(x,t) = ( 


(c) The wave function must be of the y(x,t) = f(x+vt)= f\x + (10 m/s)«] 
form: because v = 10 m/s 
Replace x with x + (10 m/s)t to obtain: 0.12m; 
L)= 
a (2.00m)” + [x + (10 m/s)¢]” 


101 ° 

Picture the Problem Let the subscript 1 refer to the initial situation—a tension of 800 N 
and a wavelength of 24 cm. Let the subscript 2 refer to the conditions that the tension is 
600 N and the wavelength unknown. We can express the wavelengths of the waves on the 
wire in terms of the two tensions in the wire and then eliminate the constant frequency by 
expressing the ratio of the two wavelengths. Finally, we can solve this equation for A). 


Express the wavelength in terms of a v 
the frequency and speed of the 
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wave: 
Express the speed of the wave as a T 
function of the tension in the wire: = vi 
Substitute to obtain: qe 1 a 
f\u 
Express the wavelength when the a! re 
tension in the wire is 600 N: a f \ 7 
Express the wavelength when the _: ie 
tension in the wire is 800 N: A f\ Ul 
Divide the first of these equations He Te 
by the second and solve for A): oan Ay 7. 
Substitute numerical values and 600N 
evaluate A): A, = (24 em), 800N 


102 ° 

Picture the Problem Let m represent the mass of the rubber tubing whose length is L. 
We can express the travel time for the pulse ¢ in terms of the separation of the post and 
the pulley and its speed. The speed of the pulse, in turn, can be found from the tension in 
the rubber tubing and its linear density. 


Express the time required for the ye L 
pulse to travel the length of the v 
tubing in terms of its speed and the 


length of the rubber tubing: 
Relate the speed of the pulses to the 7 FE +P RE 
tension in the tubing: — \ u 7 m/L Ng 


Substitute for v and simplify to Lm 
obtain: VF 


Substitute numerical values and (1 )( Tk ) 
(0m)(0.7 kg) _ 0.2525 


evaluate f: \ 110N 


103° 

Picture the Problem The diagram shows 
the boat traveling on a still lake with a 
speed v. A bow wave generated a time ¢ 
earlier is shown at an angle of 6 with the 
direction of the boat’s motion. We can use 
trigonometry to relate the speed of the bow 
wave to the speed of the boat. 


Using the diagram, relate u and v to 
the angle @ 


Solve for v: 


Substitute numerical values and 
evaluate v: 


104 « 
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‘ vt ov 

sin 9 =— =— 
ut Uu 

v=usind 


v= (10m/s)sin20° =| 3.42 m/s | 


Picture the Problem The frequencies and wavelengths of the sound waves are related to 


the speed of sound through f= v/A. 


(a) Use f= v/A to find f: 


(b) Proceed as in (a): 


(c) Proceed as in (a) and (5): 


340 m/s 
=—_——, =| 113H 
hs 10(0.3m) 


340 m/s 
11.3kH 
!= 0 i03m) = 
340 m/s 
= —__*_ =| 567H 
f 10(0.06m) [ 567 
340 m/s 


ao NS GE 
= 1(0.06m) 
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105 ° 

Picture the Problem The diagram depicts 
the whistle traveling in a circular path of 
radius r = | m. The stationary listener will 
hear the maximum frequency when the 
whistle is at point 1 and the minimum 
frequency when it is at point 2. These 
maximum and minimum frequencies are 
determined by fo and the tangential speed 
us = 2ar/T. Wecan relate the frequencies 
heard at point P to the speed of the 
approaching whistle at point 1 and the 
speed of the receding whistle at point 2. 


Relate the frequency heard at point 
P to the speed of the approaching 
whistle at point 1: 


Use the relationship between 
translational velocity and angular 
velocity to find the speed wu, of the 
whistle: 


Substitute numerical values and 
evaluate finax! 


Relate the frequency heard at point 
P to the speed of the receding 
whistle at point 2: 


Substitute numerical values and 
evaluate finin! 
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Picture the Problem The crest-to-crest separation of the waves is their wavelength. We 
can find the frequency of the waves from v = fA. When you lift anchor and head out to sea 


m 


Vv 
P 


ol 
1-u,/v 


Frnax I, 


u,=ra= (1 m)( 32x Zen) 
s 


= 18.85 m/s 


Tev 


1 
foo =" 18.8518 
340 m/s 


- [25H 


ot 
l+u,/v 


(500Hz) 


Fria ff 


1 

Soin T8835 mals 
ig 

340 m/s 


- [Fa] 


(500 Hz) 
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vtu 
= f, to calculate the 


you’ ll become a moving receiver and we can apply /, = 


frequency you’ll observe. 


(a) Express the frequency of the f ¥v 
ocean waves in terms of their speed oA 
and wavelength: 


Substitute numerical values and = 8.9 m/s —| 0.593Hz 
evaluate f,: 15m 
(b) Express the frequency of the f= (1 +u,/ v\f, 


waves in terms of their speed and 
the speed of a moving receiver: 


Substitute numerical values and 15m/s 
evaluate f: f= t + sams ase Hz) =| 1.59 Hz 


107 

Picture the Problem Let ¢ be the time of travel of the lefthand pulse and the subscripts L 
and R refer to the pulse coming from the left and right, respectively. Because the pulse 
traveling from the right starts later than the pulse from the left, its travel time is ¢ — Af, 
where At = 25 ms. Both pulses travel at the same speed and the sum of the distances they 
travel is 12 m. 


Express the total distance the two pulses d=d, +d, 
travel: =vt+ v(t aa At) 
Solve for vt to obtain: vt =4(d + vAt) 


The speed of the pulse is given by: F F 
v= /—= |—-— 
u m/L 
Substitute for v to obtain: F 
vt =4| d+_|——At 
m/L 
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Substitute numerical values and evaluate vr: 


180 N)(12m : 
w=) 12m. COM) sss) - 7.99m 


*108 =e 
Picture the Problem Let the frequency of the car’s horn be f,, the frequency you hear as 
the car approaches f,, and the frequency you hear as the car recedes f,’. We can use 


u ; 
= " f, to express the frequencies heard as the car approaches and recedes and 


Ss 


vt 
vt 
then use these frequencies to express the fractional change in frequency as the car passes 
you. 


Express the fractional change in Af 0.1 
frequency as the car passes you: 


Relate the frequency heard as the car f= 1 f 
approaches to the speed of the car: " 1=u,/v~* 
Express the frequency heard as the fis 1 f 
car recedes in terms of the speed of "  |+u,/v"° 
the car: 
Divide the second of these de = iS u,/Vv 
frequency equations by the first to tf. +4, / vy 
obtain: and 
ke f. _ Af 1 l~u,/V _ 9 1 
te de ds I+u,/v 
Solve us: _ 0.1 
u,= =v 
1.9 
i i 0.1 
Substitute numerical values and p= (3 40 m/s) 


evaluate u:: 


-1739™, ay 3600s 
s 10 h 


=| 64.4km/h 
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109 e 

Picture the Problem The pressure amplitude can be calculated directly from 

Po = POVS,, and the intensity from J = + pa’s, v. The power radiated is the intensity 
times the area of the driver. 

(a) Relate the pressure amplitude to Po = POVS 

the displacement amplitude, angular 

frequency, wave velocity, and air 


density: 

Substitute numerical values and Po= (1 .29kg/m° )[27(800 3! ) 

evaluate po: x (340 m/s) (0.025107 m) 
=| 55.1N/m? 

(b) Relate the intensity to these I=} pas, v 

same quantities: 

s c = 2 
Substitute numerical values and [= i( .29kg/m* Je x(800s ») 
evaluate /: ‘3 

x (0.025107 m} (340 m/s) 

=| 3.46 W/m? 
(c) Express the power in terms of P=lA=nr'l 
the intensity and the area of the 
driver: 
Substitute numerical values and P=n(0.1my (3 46 W/m? ) =| 0.109 W 
evaluate P: 
110 


Picture the Problem The frequency of the sound wave is related to the density of the air, 
displacement amplitude, and velocity by J = +4 pa’ s, v. 


Relate the intensity of the sound I=} pas, v 
wave to the density of the air, 

displacement amplitude, velocity, 

and angular frequency: 


Solve for the angular frequency: 1 {2/ 
(G0) ——— 
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Solve for f: $e 1 2f 
27s, \ pv 


Substitute numerical values and f | {107 Wim’) 

evaluate f ~ 2n(10~ m)) (1.29 kg/m’ )(340 m/s) 
=| 1.07kHz 

111 


Picture the Problem The force exerted on the plate is due to the change in momentum of 
the water. We can use Newton’s 2™ law in the form F = Ap/At to relate F to the mass of 
water in a length of tube equal to v,At and to the speed of the water. This mass of water, 
in turn, is given by the product of its density and the volume of water in a length of the 
tube equal to v.At. 


Relate the force exerted on the plate to F= Ap - Amv,, 
the change in momentum of the water: At At 
Express Am in terms of the mass of Am = PAV = pv, AAt 


water in a length of tube equal to v,At: 


Substitute to obtain: F = pv. Av, 


Substitute numerical values and evaluate F: 


F = (10° kg/m*)(1.4km/s)|2(0.05m) |(7m/s)=[ 77.0kN 


112 ee 

Picture the Problem Let d be the horizontal distance from the soap bubble to the 
position of the microphone. The angle @ of the shock wave is related to the speed of 
sound in air u and the speed of the bullet c according to sin @ = u/v. We can determine 0 


from the given information and then use this angle to find d. 


Express d in terms of the angle of i 0.35m 
the shock wave and the distance tan0 
from the soap bubble to the 

laboratory bench: 


Relate the speed of the bullet to the 


; u 
sin 8 = — 
angle of the shock-wave cone: v 
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Solve for @ to obtain: 6=sin7 u 
y 
Substitute to obtain: ie 0.35m 


evaluate d: 


Substitute numerical values and j= 0.35m _ 
u 
asin ) 


113 es 

Picture the Problem The source of the problem is that it takes a finite time for the sound 
to travel from the front of the line of marchers to the back. We can use the given data to 
determine the time required for the beat to reach the marchers in the back of the column 
and then use this time and the speed of sound to find the length of the column. 


Express the length of the column in L=vAt 
terms of the speed of sound and the 

time required for the beat to travel 

the length of the column: 


i 1 . 
Calculate the time for the sound to ee ee 


travel the length of the column: 100 
Substitute and evaluate L: L= (340 m/s)(0.6 s) = 
114 + 


Picture the Problem The interval between the arrival times of the echo pulses heard by 
the bat is the reciprocal of the frequency of the reflected pulses. We can use 


+ 
= — f, to relate the frequency of the reflected pulses to the speed of the bat and 
tu, 


v 
v 
the frequency it emits. 

Relate the interval between the Aes a 
arrival times of the echo pulses 2 


heard by the bat to frequency of the 
reflected pulses: 


Relate the frequency of the pulses _ltu, /v a 
received by the bat to its speed and the "  1l-u,/v~° 
frequency it emits: 


1224 Chapter 15 


Substitute to obtain: l-u, /v 


Substitute numerical values and 12 m/s 


evaluate At: Age 340 m/s =| 11.6ms 


*115 ee 

Picture the Problem Let d be the distance to the moon, / be the height of earth's 
atmosphere, and v be the speed of light in earth’s atmosphere. We can express d', the 
distance measured when the earth’s atmosphere is ignored, in terms of the time for a 
pulse of light to make a round-trip from the earth to the moon and solve this equation for 
the length of correction d‘ — d. 


Express the roundtrip time fora t= E earth's atmosphere a Lei of earth's atmosphere 
pulse of light to reach the moon and h d—h 
return: =2 o +2 Cc 

" i By ' 1 1 2 
Express the "measured" distance d dasetatdr h 2G d—-h 
when we do not account for the 2 v Cc 
atmosphere: 

=-—h+d-h 
v 

Solve for the length of correction oy C4 
d'-d: v 
Substitute numerical values and jiuf= ( km) Cc i) 
evaluate d' — d: 0.99997c 


=| 24.0cm 


Remarks: This is larger than the accuracy of the measurements, which is about 3 to 


4 cm. 


116° 

Picture the Problem The frequency of the waves on the wire is the same as the 
frequency of the tuning fork and their period is the reciprocal of the frequency. We can 
find the speed of the waves from the tension in the wire and its linear density. The 
wavelength can be determined from the frequency and the speed of the waves and the 
wave number from its definition. The general form of the wave function for waves on a 
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wire is y(x,t) = Asin (kx + at), so, once we know k and @, because A is given, we can 
write a suitable wave function for the waves on this wire. The maximum speed and 
acceleration of a point on the wire can be found from the angular frequency and 
amplitude of the waves. Finally, we can use P,, =4 ua A’y to find the average rate at 
which energy must be supplied to the tuning fork to keep it oscillating with a steady 
amplitude. 


(a) The frequency of the waves on f =| 400 Hz 


the wire is the same as the 
frequency of the tuning fork: 


. . 1 1 
ane pened of the waves on the wire ee —= [ 2.50ms | 
is the reciprocal of their frequency: f 400s 
b) Relate th: d of th t 
(b) eae ESSER RON BNCS (e) ra Ee 1kN -[3léms 
the tension in the wire and its linear Ll 0.01kg/m 
density: 


(c) Use the relationship between the _v _ 316m/s © 
ior ad 400s ~ 


wavelength, speed and frequency of 
a wave to find A: 


Using its definition, express and ; 20 20 FOS a 
= SO . m 

evaluate the wave number: A 79x10 m [7.95m" | 

(d) Determine the angular frequency o=27f = 2n(400s" ) = 2.51x10°s7 


of the waves: 


Substitute for A, 4, and win the general form of the wave function to obtain: 


y(x,t) =| (0.50 mm)sin|{7.95 m™ )x —(2.51x10°s")¢ 
(e) Relate the maximum speed of a Vinax = AO 
point on the wire to the amplitude of = (0.5 x10° m)(2.5 1x10° s') 


the waves and the angular frequency 


=| 1.26m/s 


of the tuning fork: 
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Express the maximum acceleration Ann, = AD 
of a point on the wire in terms of the _ (0 suioe m)(2 5110? 92 y 
amplitude of the waves and the 


angular frequency of the tuning =| 3.1510? m/s” 


fork: 


(f) Express the average power P.,=4 ba Ay 
required to keep the tuning fork 

oscillating at a steady amplitude in 

terms of the linear density of the 

wire, the amplitude of its vibrations, 

and the speed of the waves on the 

wire: 


Substitute numerical values and evaluate P,y: 


P,, = 4(0.1kg/m)(2.51x10° s“) (0.5107 m) (316 m/s) = 


117 ve 
Picture the Problem Because the chain is 
rolling at high speed we can neglect the 
effect of gravity. The diagram shows a 
small portion of the chain. We'll assume 
that the angle 0 is small even though it 
shown as a large angle in the diagram. Let 
Am be the mass of the segment of the chain 


shown. We’ll apply Newton’s 2" law to 
the segment in order to relate the tension in 
the chain to its linear density and speed. 


2 2 
(a) Apply > ai =m~— toa Le Am~2- 

R R 
segment of the chain whose mass is 
Am: 
Express Am in terms of 4 @ and R: Am = pidl = uRO 
Express F,,. in terms of 7 and 0: Fi =2F sins0 


Substitute to obtain: 2F sint@ = wv, 
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Solve for F: F= UO, 
2sin50 

Apply the small angle approximation _ un, _ 2 

sinbO~40: F=rrg)7 Lite] 

(b) The wave speed is the same as the F 

speed at which the chain is moving: Yo = u 


As seen by an observer at rest, the pulse remains at the same position 
because its speed along the chain is the same as the speed of the chain. 


(c) 


With respect to a fixed point on the chain, the pulse travels through 360°. 


118 eve 
Picture the Problem Let Am represent the mass of the segment of length 

Ax = 1 mm. We can find the wave speed from the given data for the tension in the rope 
and its linear density. The wavelength can be found from v =f’. We’ll use the definition 
of linear momentum to find the maximum transverse linear momentum of the 1-mm 
segment and apply Newton’s 2™ law to the segment to find the maximum net force on it. 


(a) Find the wave speed from the F 10N 
tension and linear density: ne LU - 0.1kg/m = Aus 
(6) Express the wavelength in terms a La 10m/s -[2.00m 

v = 10m 


of the speed and frequency of the 


wave: 


(c) Relate the maximum transverse Prax = AMV yx = HAXA@ = 27fuAxA 
linear momentum of the 1-mm 

segment to the maximum transverse 

speed of the wave: 


Substitute numerical values and Prax = 2n(5 s| Jo. kg/m) 
evaluate Pmax: x (1x10 m)(0.04 m) 


=| 1.26x10“*kg-m/s 
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2 2 .. 2 
v v Ao 3 
(d) Apply ya = a to the Fox ery = UAx y = LAxA@ 
1-mm segment and simplify to obtain: = OD naxx = 27D max 
Substitute numerical values and F ax = 2n(5 s! 26x10“ kg-m/ s) 
evaluate Frnax: _~|[3.96mN 


*119 ove 

Picture the Problem We can relate the speed of the pulse to the tension in the rope and 
its linear density. Because the rope hangs vertically, the tension in it varies linearly with 
the distance from its bottom. Once we’ve established the result in part (a), we can 
integrate the resulting velocity equation to find the time for the pulse to travel the length 
of the rope and then double this time to get the round-trip time. 


(a) Relate the speed of transverse F 
waves to tension and linear density: oa LU 
Express the force acting on a F=mg = ug 


segment of the rope of length y: 


Substitute to obtain: 


(b) Because the speed of the pulse dy = ey onal ai ld 
varies with the distance from the dt Vg a 
bottom of the rope, express v as 

dy/dt and solve for dt: 

Integrate the left side of the equation f ae 7. dy 

from 0 to ¢ and the right side from 0 J oe Je J Jy 


to 3 m: 


1 sm 23m 
TO = Baten 
=1.106s 


The time for the pulse to make the Leite = 20 = 2(1.106s) = 


round-trip is: 
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120 eee 
Picture the Problem We can follow the step-by-step instructions outlined above to 
obtain the given expressions for AU. 


(a) Express the potential energy of a AU=F (Ag - Ax) 
segment of the string: 
For Ay/Ax << 1: Al = Ax|l+4(Ay/Ax) | 
and 
Al—Ax = Ax{l+4(Ay/Ax) |-ax 
= 7(Ay/Ax) Ax 
Substitute to obtain: AU=F [: (Ay/ Ax) | 
=[4F (Ay/Ax) Ax 
(b) Differentiate dy = _ 
y(x,t) =A sin(kx — at) to obtain: dx east ant) 
Approximate Ay/Ax by dy/dx and AU =tF (kA cos(kx — ot yy Ax 


substitute in our result from part (a): 
=| 1 FA*k* Ax cos’ (kx — at) 
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Chapter 16 
Superposition and Standing Waves 


Conceptual Problems 


*T eo 
Picture the Problem We can use the speeds of the pulses to determine their positions at 
the given times. 


2 eo 
Picture the Problem We can use the speeds of the pulses to determine their positions at 
the given times. 


3 ° 
Determine the Concept Beats are a consequence of the alternating constructive and 
destructive interference of waves due to slightly different frequencies. The amplitudes of 


the waves play no role in producing the beats.| (c) is correct. | 


4 e 
(a) True. The harmonics for a string fixed at both ends are integral multiples of the 


frequency of the fundamental mode (first harmonic). 


(b) True. The harmonics for a string fixed at both ends are integral multiples of the 
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frequency of the fundamental mode (first harmonic). 


(c) True. If ¢ is the length of the pipe and v the speed of sound, the excited harmonics are 


Vv 
given by f, i ee 1 Sy Diss 


5 oo 
Determine the Concept Standing waves are the consequence of the constructive 
interference of waves that have the same amplitude and frequency but are traveling in 


opposite directions. | (b) is correct. 


*6 e 
Determine the Concept Our ears and brain find frequencies which are small-integer 


multiples of one another pleasing when played in combination. In particular, the ear 
hears frequencies related by a factor of 2 (one octave) as identical. Thus, a violin sounds 
much more "musical" than the sound of a drum. 


7 e 
Picture the Problem The first harmonic 


displacement-wave pattern in an organ pipe “he ye 
open at both ends and vibrating in its Se 
fundamental mode is represented in part (a) en 

of the diagram. Part (b) of the diagram - — 
shows the wave pattern corresponding to 


the fundamental frequency for a pipe of the od 


same length L that is closed at one end. TF —oa 
Letting unprimed quantities refer to the a 
open pipe and primed quantities refer to the 
closed pipe, we can relate the wavelength ae ae 

and, hence, the frequency of the “So 


fundamental modes using v = fA. 


Express the frequency of the first f ™, 
harmonic in the open pipe in terms : A, 
of the speed and wavelength of the 

waves: 


Relate the length of the open pipe to A, =2L 
the wavelength of the fundamental 
mode: 


Substitute to obtain: 


Express the frequency of the first 
harmonic in the closed pipe in terms 
of the speed and wavelength of the 
waves: 


Relate the length of the closed pipe 
to the wavelength of the 


fundamental mode: 


Substitute to obtain: 


Substitute numerical values and 
evaluate f,': 


8 eo 
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Vv 

Li OL 
‘ Vv 
Fear 
Ay =4L 


, Vv _lfv)_i 

f= tao )-Fh 
1 

f= 5 (400 Hz) = 200 Hz 


and | (a) is correct. 
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Picture the Problem The frequency of the fundamental mode of vibration is directly 


proportional to the speed of waves on the string and inversely proportional to the 


wavelength which, in turn, is directly proportional to the length of the string. By 


expressing the fundamental frequency in terms of the length L of the string and the 


tension F in it we can examine the various changes in lengths and tension to determine 


which would halve it. 


Express the dependence of the 
frequency of the fundamental mode 
of vibration of the string on its 
wavelength: 


Relate the length of the string to the 
wavelength of the fundamental 
mode: 

Substitute to obtain: 


Express the dependence of the speed 
of waves on the string on the tension 


1234 Chapter 16 
in the string: 
Substitute to obtain: 1 |F 


arr a 


(a) Doubling the tension and the length would increase the frequency by a factor 


of /2/2. 


(b) Halving the tension and keeping the length fixed would decrease the frequency by a 


factor of 1/ J2 E 


(c) Keeping the tension fixed and halving the length would double the frequency. 


9 oo 
Determine the Concept We can relate the resonant frequencies of an organ pipe to the 
speed of sound in air and the speed of sound to the absolute temperature. 


Express the dependence of the pe xs 
resonant frequencies on the speed of A 
sound: 

Relate the speed of sound to the YRT 
temperature of the air: = M 


where y and R are constants, M is the 
molar mass of the gas (air), and T is the 
absolute temperature. 


Substitute to obtain: ; 1 |yRT 
A \ M 
Becausev « JT, increasing the temperature increases the resonant frequencies. 


*10 ° 
Determine the Concept Because the two waves move independently, neither impedes 


the progress of the other. 
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11 

Determine the Concept No; the wavelength of a wave is related to its frequency and 
speed of propagation (A = v/f). The frequency of the plucked string will be the same as 
the wave it produces in air, but the speeds of the waves depend on the media in which 
they are propagating. Because the velocities of propagation differ, the wavelengths will 
not be the same. 


12 
Determine the Concept No; when averaged over a region in space including one or 
more wavelengths, the energy is unchanged. 


13. 

Determine the Concept When the edges of the glass vibrate, sound waves are produced 
in the air in the glass. The resonance frequency of the air columns depends on the length 
of the air column, which depends on how much water is in the glass. 


14. 

Picture the Problem We can use v = f/ to relate the frequency of the sound waves in the 
organ pipes to the speed of sound in air, nitrogen, and helium. We can use 

v =./RT /M to relate the speed of sound, and hence its frequency, to the properties of 


the three gases. 


Express the frequency of a given f ve 
note as a function of its wavelength A 
and the speed of sound: 


Relate the speed of sound to the YRT 
absolute temperature and the molar M 


mass of the gas used in the organ: where y depends on the kind of gas, R is a 


constant, T is the absolute temperature, and 
M is the molar mass. 


Substitute to obtain: pe 1 [yRT 
AVM 
For air in the organ pipes we have: f i eRe (1) 
aa A M x, 
When nitrogen is in the organ pipes: PP iy RE 
fy. =F 42 2) 
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Express the ratio of equation (2) to fr, Yx, Mvn 
equation (1) and solve for fy, : f 7 y,, M 
a air air N> 
and 
‘a 2 M,, 
fn, = Fate * MM 
air N, 


Because 7y, = 7,;,and M,, > My, : ig Tats 


i.e., 


f willincrease for each organ pipe. 


If helium were used, we’d have: f f Vue M x: 
He ~ Hair M,, 


air e 


Because 7, > 7,;,and M,,, >> M,,: fale ay 
the effect will be even more 
Le., 
pronounced. 
#15 0 


Determine the Concept Increasing the tension on a piano wire increases the speed of the 


waves. The wavelength of these waves is determined by the length of the wire. Because 
the speed of the waves is the product of their wavelength and frequency, the wavelength 


remains the same and the frequency increases. | (b) is correct. 


16 eo 
Determine the Concept If connected properly, the speakers will oscillate in phase and 


interfere constructively. If connected incorrectly, they interfere destructively. It would be 
difficult to detect the interference if the wavelength is short, less than the distance 
between the ears of the observer. Thus, one should use bass notes of low frequency and 
long wavelength. 


17. 
Determine the Concept The pitch is determined mostly by the resonant cavity of the 
mouth; the frequency of sounds he makes is directly proportional to their speed. Because 
Vie > Vair (See Equation 15-5), the resonance frequency is higher if helium is the gas in 
the cavity. 
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*18 ee 
Determine the Concept The light is being projected up from underneath the silk, so you 
will see light where there is a gap and darkness where two threads overlap. Because the 
two weaves have almost the same spatial period but not exactly identical (because the 
two are stretched unequally), there will be places where, for large sections of the cloth, 
the two weaves overlap in phase, leading to brightness, and large sections where the two 
overlap 90° out of phase (i.e., thread on gap and vice versa) leading to darkness. This is 
exactly the same idea as in the interference of two waves. 


Estimation and Approximation 


19 « 
Determine the Concept Pianos are tuned by ringing the tuning fork and the piano note 
simultaneously and tuning the piano string until the beats are far apart; i.e., the time 
between beats is very long. If we assume that 2 s is the maximum detectable period for 
the beats, then one should be able to tune the piano string to at least 0.5 Hz. 


*20 ° 
Picture the Problem We can use v = f,/, to express the resonance frequencies in the 


organ pipes in terms of their wavelengths and L =n A“, n=1, 2,3,...to relate the length 

of the pipes to the resonance wavelengths. 

(a) Relate the fundamental f 
1 


Vv 
frequency of the pipe to its A, 
wavelength and the speed of sound: 


Express the condition for r=H Ay n=1.2.3 (1) 

constructive interference in a pipe , — 

that is open at both ends: 

Solve for A): A, =2L 

Substitute and evaluate f;: fz a 340 m/s =| 9.97 iz 
1 2L (75x10? m) 


(b) Relate the resonance frequencies f a 
of the pipe to their wavelengths and 7) 
the speed of sound: 


Solve equation (2) for 4,: A 2L 
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Substitute to obtain: ov 340 m/s 
ie =n a =) 
2L -2(7.5x10* m) 
= n(2.27 kHz) 
Set fn = 20 kHz and evaluate n: ae 20kHz _ 
2.27kHz 


The eighth harmonic is within the range defined as audible. The ninth harmonic 


might be heard by a person with very good hearing. 


21 ee 

Picture the Problem Assume a pipe length of 5 m and apply the standing-wave 
resonance frequencies condition for a pipe that is open at both ends (the same conditions 
hold for a string that is fixed at both ends). 


Relate the resonance frequencies for f= rae p=1.93., 
a pipe open at both ends to the length 
of the pipe: 
Evaluate this expression for n = 1: 340 m/s 
= =| 34.0 Hz 
fi 2(5 m) [ 34.0 Hz | 
Express the dependence of the speed YRT 
of sound in a gas on the temperature: = M 


where y and R are constants, M is the 
molar mass, and T is the absolute 
temperature. 


Because v « VT, the frequency will be somewhat higher in the summer. 


Superposition and Interference 


22° 
Picture the Problem We can use A = 2 y, cos+6 to find the amplitude of the resultant 


wave. 


1 
(a) Evaluate the amplitude of the A=2y, cos4d = 2(0.02 m)eos5{ =] 


=| 3.86cm 


resultant wave when 6 = 7/6: 
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Bt son, 1 
(b) Proceed as in (a) with 5 = 7/3: A=2y, costé = 2(0.02 m)cos >{ =) 


- ea] 


23° 
Picture the Problem We can use A= 2y, cos+0 to find the amplitude of the resultant 


wave. 


i 1 
Evaluate the amplitude of the A=2y, cost = 2(0.05m)cos — a 
resultant wave when 6 = 77/2: 2\2 


=| 7.07cm 


*24 ¢ 
Picture the Problem The phase shift in the waves generated by these two sources is due 
to their separation of 4/3. We can find the phase difference due to the path difference 


Ax 
from 6 = a and then the amplitude of the resultant wave from A= 2y, cos$o. 


Evaluate the phase difference 6: Son Ax yee A/3 = 2 Zz 
A 


A 3 


. . 1 2 
Find the amplitude of the resultant A,, =2y,cos+d =2 Acoss{ = n) 


7 2Acos— = [A] 


wave: 


25° 
Picture the Problem The phase shift in the waves generated by these two sources is due 
to a path difference Ax = 5.85 m — 5.00 m = 0.85 m. We can find the phase difference due 


AX 
to this path difference from 6 = are and then the amplitude of the resultant wave 


from A= 2y, cos+0. 


(a) Find the phase difference due to Ee Ax 
the path difference: A 
Calculate the wavelength of the _v _ 340m/s _ 


=3.4m 


sound waves: i ~ 100s 
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Substitute and evaluate 6: a 0.85m 


-* tad =| 90.0° 
3.4m 2 


1 
(b) Relate the amplitude oe the A=2y, cos46 = 2Acos— a 
resultant wave to the amplitudes of 2\2 
the interfering waves and the phase _| Joa 
difference between them: 
*26 ¢ 
Picture the Problem The diagram is shown below. Lines of constructive interference are 
shown for path differences of 0, 4, 24, and 3/. 


Ad=0 Ad=A aq=2a 
! 
/ 


! 


Ad =3A 
\ \ ! / 
I 


Lf POISE 
DLS ONINN 
ERE 


LEAKY 


Picture the Problem The intensity at the point of interest is dependent on whether the 
speakers are coherent and on the total phase difference in the waves arriving at the given 


Ax 
point. We can use 6 = alee to determine the phase difference 6, A= |2 p, cos 46] to 


find the amplitude of the resultant wave, and the fact that the intensity I is proportional to 
the square of the amplitude to find the intensity at P for the given conditions. 


(a) Find the phase difference 6: ss % gh — 
A 
Find the amplitude of the resultant A= 2 Dy COSS | =0 
wave: 
Because the intensity is proportional T= [0] 
to A’: 


(b) The sources are incoherent and TS 21, 


the intensities add: 


(c) Express the total phase 
difference: 


Find the amplitude of the resultant 
wave: 


Because the intensity is proportional 
to A’: 


28 
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Oss = Os of. Ong, difference 
Le gn . 
A 2 
=2n 


A=|2p, cos+(2z) = 2p, 


2 2 
(Sea _ (2p) I, =| 41 


Po Po 
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Picture the Problem The intensity at the point of interest is dependent on whether the 


speakers are coherent and on the total phase difference in the waves arriving at the given 


Ax 
point. We can use 6 = ae a to determine the phase difference 6, A=|2p, cos$6 | to 


find the amplitude of the resultant wave, and the fact that the intensity I is proportional to 


the square of the amplitude to find the intensity at P for the given conditions. 


(a) Find the phase difference 6: 


Find the amplitude of the resultant 


wave: 


Because the intensity is proportional 
to A’: 


(b) The sources are incoherent and 
the intensities add: 


(c) Express the total phase 
difference: 


Find the amplitude of the resultant 


a ae 
A 


A=(2p, cos4(2z)| = 2p, 


2 2 
ee ee a, 


a of 
I =| 21, 
rot = Oia a Oni difference 
ioe on 2 
A A 
= 37 


A=(2p, cos4(3x) =0 
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wave: 


Because the intensity is proportional I= [0] 
to A’: 


29 

Picture the Problem Let P be the point located a distance r, from speaker 1 and a 
distance rz from speaker 2. If the sound at point P is to be either a maximum or a 
minimum, the difference in the distances to the speakers will have to be such that this 
difference compensates for the 90° out-of-phase condition of the speakers. 


(a) Express the phase shift due to the Kee O satiess oe 90° nee 
speakers in terms of a path difference: 360° 360° * 
Express the condition that r, —1r, must r—n=|4a 

satisfy in order to compensate for this 

path difference: 

(b) In this case, the smallest difference ose 


in path is again 4/4, but now: 


*30 oe 
Picture the Problem The drawing shows a 
generic point P located a distance r; from 7 
source S; and a distance rz from source S>. ry 
The sources are separated by a distance d y, 
and we’re given that d < A/2. Because the 6 2 
condition for destructive interference is “tN, / 
that 6 =nz where n = 1, 2, 3.,..., we’ll 
show that, with d < A/2, this condition d 
cannot be satisfied. 


Relate the phase shift to the path a Ar 
difference and the wavelength of the 
sound: 


Relate Ar to d and 6@- Ar <dsin0d<d 


Substitute to obtain: dsin@ d 
1 r— 
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Because d < 4/2: A/2 


0<27——_=2 
A 


Express the condition for destructive O=nz 
interference: where n = 1, 2, 3,... 


Because 6 < z, there is no complete destructive interference in any direction. 


31 ee 
Picture the Problem Let the positive x direction be the direction of propagation of the 


wave. We can express the phase difference in terms of the separation of the two points 
and the wavelength of the wave and solve for A. In part (b) we can find the phase 
difference by relating the time between displacements to the period of the wave. I in part 
(c) we can use the relationship between the speed, frequency, and wavelength of a wave 
to find its velocity. 


(a) Relate the phase difference to the = 07 Ax 
wavelength of the wave: 


Solve for and evaluate A: AX 5cm 
A = 27 — = 22 —— =| 60.0cm 
ee 


(b) Express and evaluate the period if i 
of the wave: f 


Relate the time between the two 
displacements to the period of the 
wave: 


Express the phase difference 20 


corresponding to one-fifth of a 5 


period: 


(c) Express the wave speed in terms v= f= (40 s)(0.6 m) =| 24.0m/s 
of its frequency and wavelength: 


32 ee 
Picture the Problem Assume a distance of about 20 cm between your ears. When you 
rotate your head through 90°, you introduce a path difference of 20 cm. We can apply the 
equation for the phase difference due to a path difference to determine the change in 
phase between the sounds received by your ears as you rotate your head through 90°. 
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Express the phase difference due to = 20cm 
the rotation of your head through 
90°: 


Find the wavelength of the sound _ 
waves: f 680s" 


Substitute to obtain: 20cm 
O=27n =| 0.87 rad 
3 


33. we 
Picture the Problem Because the sound intensity diminishes as the observer moves, 
parallel to a line through the sources, away from her initial position, we can conclude that 
her initial position is one at which there is constructive interference of the sound coming 
from the two sources. We can apply the condition for constructive interference to relate 
the wavelength of the sound to the path difference at her initial position and the 
relationship between the velocity, frequency, and wavelength of the waves to express this 
path difference in terms of the frequency of the sources. 


Express the condition for Ar = nd, n=1,2,3.... (1) 

constructive interference at 

(40 m, 0): 

Express the path difference Ar: Ar =r, -Th 

Using the Pythagorean theorem, find r= (40 m) 4 (2. 4 m) 

rp: 

Substitute for rg and evaluate Ar: Ar = (40 m) + (2.4 m) ~A0m 
=0.07194m 

Substitute in equation (1) and solve l= 0.07194m 

for A: n 

Using v= fA, express f in terms f=n Vv -_ 340 m/s 

of A and n: . 0.07194m 0.07194m 
= (4726 Hz)n 

Evaluate f for n= 1 and 2: f, =| 4726Hz | and f, =| 9452 Hz 
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Picture the Problem Because the sound intensity increases as the observer moves, 
parallel to a line through the sources, away from her initial position, we can conclude that 
her initial position is one at which there is destructive interference of the sound coming 
from the two sources. We can apply the condition for destructive interference to relate the 
wavelength of the sound to the path difference at her initial position and the relationship 
between the velocity, frequency, and wavelength of the waves to express this path 
difference in terms of the frequency of the sources. 


Express the condition for ee a 12135 (1) 
destructive interference at (40 m, 0): ; —* 
Express the path difference Ar: Ar =r, —-Ty 
Using the Pythagorean theorem, r, = (40 m) sit (2. 4 m) 
find rp: 
Substitute for rg and evaluate Ar: Ar = (40 m) a (2.4 m) —~A0m 
= 0.07194m 
Substitute in equation (1) and solve Gx 2(0.07194 m) _ 0.1439m 
for A: n n 
Using v = fA, express f in terms f=n Vv a 340 m/s 
of A: " 0.1439m 0.1439m 
= (2363Hz)n 
Evaluate f for n= 1 and 3: f, =| 2363Hz 
and 
f; =| 7089 Hz 
#35 oe 


Picture the Problem We can use the trigonometric identity 


A+B A-B 
cosA+cosB=2 cos Jeos{ 5 }e derive the expression given in (a) and the 


speed of the envelope can be found from the second factor in this expression; i.e., 
from cos|(Ak / 2)x—(A@/2)¢]. 
(a) Express the amplitude of the resultant wave function y(x,t): 


y(x,t) = A(cos(k,x — at + cos(k,x — @,t)) 
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A+B A-B 
Use the trigonometric identity cos A+ cos B= 2 cos ; Jeos{ 5 ) to obtain: 


y(Xx,t) = 2A) co 


= 2Al cos hist Nis el cos Reg Oey 
2 2 2 2 


Substitute @aye = (@,+ @)/2, Kave = (ky + ko)/2, A@= @, - @ and Ak = k, — k; to obtain: 


k,x-@tt+k,x- Or | k,x-@,t—k,x+ a 


y(x.t) = 2Alcos(k,,.X 7 ot s| 5 x— “2:) 


(b) A spreadsheet program to calculate y(x,t) between 0 m and 50 m att =0,0.5s, and1s 
follows. The constants and cell formulas used are shown in the table. 


Cell Content/Formula Algebraic Form 
Bil B10+0.25 x + Ax 
C10 | COS($B$3*B10-$B$5*$C$9) y(x,0) 
+ COS($B$4*B10—-$B$6*$C$9) 
D10 | COS($B$3*B10-$B$5*$D$9) y(x,0.5s) 
+ COS($B$4*B 10-$B$6*$D$9) 
E10 | COS($B$3*B10-$B$5*$E$9) y(xis) 
+ COS($B$4*B10-$B$6*$E$9) 
A B C D Ie 
1 
2 
3 | ki=|1 m | 
4 | k2=|08 |m' 
5 | wl=/|1 rad/s 
6 | w2= | 0.9 rad/s 
Zz x y(x,0) | y(x,0.5 s) | y(x,1s) 
8 (m) 
9 0.000 2.000 4.000 
10 0.00 | 2.000 | —0.643 | —1.550 
11 0.25 | 1.949 | -—0.207 | —1.787 
12 0.50 | 1.799 0.241 —1.935 


— 
ies) 
2 
N 
ul 
le 
ul 
ul 
N 


0.678 —1.984 
1.081 —1.932 


= 
AK 
is 
j=) 
j=) 
eS 
N 
ee) 
N 


206 49.00 | 0.370 | -—0.037 0.021 
207 49.25 | 0.397 0.003 —0.024 
208 49.50 | 0.397 0.065 —0.075 
209 49.75 | 0.364 0.145 —0.124 


210 90.00 | 0.298 0.237 —0.164 
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The solid line is the graph of y(x,0), the dashed line that of y(x,0.5 s), and the dotted line is 


the graph of y(x,1 s). 


f(x,0) 
ix] )— — — f(,0.5 s) 


y (x,t) 


(c) Express the speed of the 
envelope: 


Substitute numerical values and 


evaluate Venvelope: 
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x (m) 
; _A@_ @,-a, 
envelope yz ~«7.”~C*«&YSCt«C~*W 
Ak k,-k, 
1rad/s — 0.9 rad/s 
envelope Ft _ggm? 0.500 m/s 
Picture the Problem The diagram shows 
the two sources separated by a distance d S, 6 


and the path difference As. Because the 
lines from the sources to the distant point 
are approximately parallel, the triangle 
shown in the diagram is approximately a 
right triangle and we can use trigonometry 
to express As in terms of d and @ In the 
second part of the problem, we can apply a 
small-angle approximation to the larger 
triangle shown in Figure 16-29 to relate y,, 
to D and @ and then use the condition for 
constructive interference to relate y,, to D, 
A, and d. 


(a) Using the diagram, relate As to 
the separation of the sources and the 


angle & 


(b) For @ << 1, we can approximate 


WN 
N 


sind ~ and As ~| dsiné | 


As ~ dtan0 
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sin with tan@ to obtain: 


Referring to Figure 16-29, express anger Ym 
tan@in terms of y and D: 


Substitute to obtain: Kos dy,, 
D 

Express the condition on the phase S=97 As =. n= 1.9.3 
difference for constructive ' ao 
interference: 
Substitute for As: or dy, Ae a 38 
Simplify and solve for ym: DA 

(|e 
37 eo 


Picture the Problem Because a maximum is heard at 0° and the sources are in phase, we 
can conclude that the path difference is 0. Because the next maximum is heard at 23°, the 
path difference to that position must be one wavelength. We can use the result of part (a) 
of Problem 36 to relate the separation of the sources to the path difference and the angle 
é. We’|l apply the condition for constructive interference to determine the angular 
locations of other points of maximum intensity in the interference pattern. 


Using the result of part (a) of Problem < As 


36, express the separation of the sind 
sources in terms of As and @: 


Evaluate d with As = 2 and @= 23°: A Vv 


~ sin23° f sin 23° 


340 m/s 
= =|1.81m 
(480s binds 


Express the condition for additional dsin@,, =mA 


intensity maxima: where m = 1, 2, 3, ..., or 


0, =sin~ 4) 
d 
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Evaluate this expression for m = 2: x 2(340 m/s) 
0, = =| ol.o° 
os ae 


Remarks: It is easy to show that, for m > 2, the inverse sine function is undefined 
and that, therefore, there are no additional relative maxima at angles larger than 
51.5°. 


*3B coe 
Picture the Problem Because the speakers are driven in phase and the path difference is 
O at her initial position, the listener will hear a maximum at (D, 0). As she walks along a 
line parallel to the y axis she will hear a minimum wherever it is true that the path 
difference is an odd multiple of a half wavelength. She will hear an intensity maximum 
wherever the path difference is an integral multiple of a wavelength. We’ll apply the 
condition for destructive interference in part (a) to determine the angular location of the 
first minimum and, in part (b), the condition for constructive interference find the angle at 
which she’II hear the first maximum after the one at 0°. In part (c), we can apply the 
condition for constructive interference to determine the number of maxima she can hear 
as keeps walking parallel to the y axis. 


“ye : aA 
(a) Expressi0e condition for dsin0, =m< 
destructive interference: 2 


where m = 1, 3, 5,..., or 


0, =sin (=) 
2d 


Evaluate this expression for m = 1: al oF ny 340 m/s 
6, =sin | —— |=sin 3 
2 fe 2(600s ' (2m) 
=| 8.14° 
(b) Express the condition for dsin6@,, = mA 
additional intensity maxima: where m = 0, 1, 2, 3,..., OF 
A 
6, =sin™~ = 
d 
Evaluate this expression for m = 1: ital Vo) 340 m/s 
: 600s * )(2m) 


- [5] 
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(c) Express the limiting condition sind, = mo <1 


on sind: 

Solve for m to obtain: oe d _ fd z= (600s*)(2 m) 353 
Av 340 m/s 

Because m must be an integer: m= [3 

39s eee 


Picture the Problem Let d be the separation of the two sound sources. We can express 
the wavelength of the sound in terms of the d and either of the angles at which intensity 
maxima are heard. We can find the frequency of the sources from its relationship to the 
speed of the waves and their wavelengths. Using the condition for constructive 
interference, we can find the angles at which intensity maxima are heard. Finally, in part 
(d), we’ll use the condition for destructive interference to find the smallest angle for 
which the sound waves cancel. 


(a) Express the condition for dsin@,, =mA (1) 
constructive interference: where m = 0, 1, 2, 3,... 
Solve for A: Pies dsin@,, 
m 
Evaluate 2 for m = 1: A =(2m)sin(0.140 rad) 
=| 0.279m 
(b) Express the frequency of the pe Vv _ 340m/s _ 1.22 kHz 
sound in terms of its wavelength A 0.279m 
and speed: 
(c) Solve equation (1) for 6,: . i ma . |aee =| 
6, =sin | —|=sin ee 
m 


= sin '[(0.1395)m| 


The table shows the values for 0as m Amn 
a function of m: (rad) 
3 0.432 
0.592 
5 0.772 
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0.992 
1.354 
undefined 


(d) Express the condition for dsin0, =m— 
destructive interference: 2 


where m = 1, 3, 5,... 


Solve for Gn: 6 =sin? me 
2d 


Evaluate this expression for m = 1: 0.279m 
0, =sin ||] ———— =| 0.0698 rad | 
2(2m) | 


40 eee 
Picture the Problem The total phase shift in the waves arriving at the points of interest is 
the sum of the phase shift due to the difference in path lengths from the two sources to a 
given point and the phase shift due to the sources being out of phase by 90°. From 
Problem 39 we know that 4 = 0.279 m. Using the conditions on the path difference Ax for 
constructive and destructive interference, we can find the angles at which intensity 
maxima are heard. 


* sat it ”" AX vA 
Letting the subscript "pd ” denote Be buy cm any ea 
"path difference” and the subscript A 4 
"s" the sources”, express the total where Ax is the path difference between the 
phase shift 6: two sources and the points at which 


constructive or destructive interference is 
heard. 


Express the condition for Ax 7 
P 0 = 207 —+—=27,47,62,... 
constructive interference: A 4 


Solve for Ax to obtain: he Ty [sy 234... - (8m 1) Z 
8 8 8 8 


where m = 1, 2, 3,... 


(8m —-1) 


Relate Ax to d to obtain: Me ; aay 0. 


where the "c” denotes constructive 
interference. 
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Solve for @.: 


The table shows the values for 0: for 
m=1to5: 


Express the condition for destructive 
interference: 


Solve for Ax to obtain: 


Letting “d ” denotes destructive 
interference, relate Ax to d to obtain: 


Solve for @;: 


The table shows the values for @ for 
m=1to5: 


41 ecco 


Picture the Problem We can calculate the required phase shift from the path difference 


8d 

m Oe 
1 | | 7.01° 
2] | 15.2° 
4 | | 35.1° 


where m = 1, 2, 3,... 


ax= 85) <a sing, 


6, = sin] On—3H | f= 1,2, Byes 


8d 

m Oa 
1 | | 3.00° 
2] | 11.1° 
3] | 19.3° 
3 | | 37.6° 


AS 


and the wavelength of the radio waves using 6 = 27— . 


Express the phase delay as a 
function of the path difference and 


A 


0 = 22 — (1) 
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the wavelength of the radio waves: 


Find the wavelength of the radio _v _ 3x10°m/s _ ign 
waves: ~ f ~ 90x10°s? 
Express the path difference for the As =dsin@ 


signals coming from an angle 0 
with the vertical: 


Substitute numerical values and As = (200 m)sin10° = 34.73m = 2.3151 
evaluate As: =244+0.315/1 

Substitute in equation (1) and Fax 0.315/ ~1.98rad —| 113° 
evaluate 6: 

Beats 

42° 


Picture the Problem The beat frequency is the difference between the frequency of the 
tuning fork and the frequency of the violin string. Let f) = 500 Hz. 


(a) Express the relationship between f, =f, £ Af 
the beat frequency of the -—500Hz+4Hz 
frequencies of the two tuning forks: 


Solve for fy: f, =| 504Hz or 496 Hz 


(b) If the beat frequency is increased, then f, = 504 Hz; if it is diminished, 


f, = 496 Hz. 


43, 

Picture the Problem The Doppler shift of the siren as heard by one of the drivers is 
given by the formula for source and receiver both moving and approaching each 

other f, = f,[(1+u/v)/(1—u/v)], where u is the speed of the ambulance and v is the 


speed of sound. 


(a) Express the beat frequency: foea = f. — f. 


where f, is the frequency heard by either 
driver due to the other’s siren, 
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Express f: u 
Le 
[= 
(ore 
Vv 
Substitute to obtain: u 
Le le 
lve = 1 rime at via. 
1-— 1-— 
Vv Vv 
2 
=f 
—-1 
u 
Substitute numerical values and 2 
evaluate eae Feat = (500 Se a = ; =| 70.5Hz 


22.4m/s _ 


The person on the street hears no beat frequency as the sirens of both 


ambulancesare Doppler shifted up by the same amount (approx. 35 Hz). 


Standing Waves 


*44 ¢ 
Picture the Problem We can use v = f/ to relate the second-harmonic frequency to the 
wavelength of the standing wave for the second harmonic. 


Relate the speed of transverse waves v= f,A, 
on the string to their frequency and 

wavelength: 

Express /, in terms of the length L A,=L 


of the string: 


Substitute for 22 and evaluate v: v= ae = (60 s'\3m) =| 180m/s 


45° 

Picture the Problem We can find the wavelength of this standing wave from the 
standing-wave condition for a string fixed at both ends and its frequency from v = f3A3. 
We can use the wave function for a standing wave on a string fixed at both ends 

(Y, (x,t) = A, sink,,xcos @,¢ )) to write the wave function for the wave described in this 


problem. 
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(a) Using the standing-wave 
condition for a string fixed at both 
ends, relate the length of the string 
to the wavelength of the harmonic 
mode in which it is vibrating: 


Solve for As: 

Express the frequency of the third 
harmonic in terms of the speed of 
transverse waves on the string and 
their wavelength: 

(b) Write the equation for a standing 
wave, fixed at both ends, in its third 


harmonic: 


Evaluate k;: 


Evaluate @;: 


L agit. n=1,2,3,... 
2 


y,(x, t) = A, sink,x cos at 


ge LL 
A, 2m 


0, = Inf, = 2n(25s')= 507s" 


Substitute to obtain: 


y,(x,t) = (4mm)sin kx cos at | where k= am‘ and 


@=507s-. 


46 ° 

Picture the Problem The first harmonic 
displacement-wave pattern in an organ pipe 
open at both ends and vibrating in its 
fundamental mode is represented in part (a) 
of the diagram. Part (b) of the diagram 
shows the wave pattern corresponding to 
the fundamental frequency for a pipe of the 
same length L that is closed at one end. We 
can relate the wavelength to the frequency 
of the fundamental modes using v = fA. 


(a) Express the dependence of the 
frequency of the fundamental mode 
of vibration in the open pipe on its 
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wavelength: 


Relate the length of the open pipe to 
the wavelength of the fundamental 
mode: 


Substitute and evaluate fj open 


(b) Express the dependence of the 
frequency of the fundamental mode 
of vibration in the closed pipe on its 
wavelength: 


Relate the length of the closed pipe 
to the wavelength of the 


fundamental mode: 


Substitute to obtain: 


A7 


Aen =2L 


v  340m/s 
Fropen IL 2(10 m) [17.0Hz | 


Vv 
ee > pr 


,closed 


Ay ase = AL 


v 340m/s [8.50Hz | 
fs cosed AL 4(10m) _ 8.50 Hz 


Picture the Problem We can find the speed of transverse waves on the wire using 


A 
v= F/u and the wavelengths of any harmonic from L = ae n=1, 2,3,.... We can 


use v = fA to find the frequency of the fundamental. For a wire fixed at both ends, the 


higher harmonics are integer multiples of the first harmonic (fundamental). 


(a) Relate the speed of transverse 
waves on the wire to the tension in 
the wire and its linear density: 


Substitute numerical values and 
evaluate v: 


(b) Using the standing-wave 
condition for a wire fixed at both 
ends, relate the length of the wire to 
the wavelength of the harmonic 
mode in which it is vibrating: 

Solve for A: 


v= fE= [e 
u m/L 


968 N 
: | (0.005kg)/(1.4m) [ 521m | 


L ae n=1, 2,3,... 
2 


2, = 2L = 2(1.4m)= 


Express the frequency of the first 
harmonic in terms of the speed and 
wavelength of the waves: 


(c) Because, for a wire fixed at both 


ends, the higher harmonics are integer 
multiples of the first harmonic: 
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5921m/s 
fh A, 2.80m 


f, =2f, = 2(186Hz)= 


and 


f, =3 f, = 3(186Hz) = 


Vv 
Picture the Problem We can use Equation 16-13, f, = a = nf,,n =1,3,5,..., to find 


the resonance frequencies for a rope that is fixed at one end. 


(a) Using the resonance-frequency 
condition for a rope fixed at one 
end, relate the resonance 
frequencies to the speed of the 
waves and the length of the rope: 


Solve for fi: 


f, = n= fil it = 18, By ons 


=|1.25Hz 


b) Because this rope is fixed at just one end, the system does not support a 
second harmonic. 


(c) For the third harmonic, n = 3: 
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f, =3f, =3(1.25Hz) = 


Picture the Problem We can find the fundamental frequency of the piano wire using the 


general expression for the resonance frequencies of a wire fixed at both ends, 


f,= n5-= nf,,n=1, 2, 3,..., withn =1. We can use v = ,/F/, to express the 


frequencies of the fundamentals of the two wires in terms of their linear densities. 


Relate the fundamental frequency of 
the piano wire to the speed of 
transverse waves on it and its linear 


density: 


Hearr 
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Express the dependence of the F 

speed of transverse waves on the ie LU 

tension and linear density: 

Substitute to obtain: f i i ad 
‘2b V u 


Doubling the linear density results , 1 |F 1{1 |F 1 
in a new fundamental frequency f' A= IL V2 ~ go 2h ll ~ sD h, 
given by: 


Substitute for f; to obtain: fi i (200 Hz) -| 141Hz 


*50 ° 

Picture the Problem Because the frequency and wavelength of sounds waves are 
inversely proportional, the greatest length of the organ pipe corresponds to the lowest 
frequency in the normal hearing range. We can relate wavelengths to the length of the 
pipes using the expressions for the resonance frequencies for pipes that are open at both 
ends and open at one end. 


Find the wavelength of a 20-Hz note: fe Vn 340 m/s _ 7m 


7 lines 2 0 S te 


(a) Relate the length L of a closed- 


A 
L=n—,n=1,3,5.,... 
at-one-end organ pipe to the 4 


wavelengths of its standing waves: 


Solve for and evaluate 1: A 17m 
p= = 8 =[ 425m 
== [425m | 


(b) Relate the length L of an open 
organ pipe to the wavelengths of its 


standing waves: 


Solve for and evaluate 2: — Ana 17M _ 
=e a 8.50m 
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Picture the Problem We can find A and f by comparing the given wave function to the 
general wave function for a string fixed at both ends. The speed of the waves can then be 
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found from v = f/4. We can find the length of the string from its fourth harmonic 


wavelength. 
(a) Using the wave function, relate = 2a =) 90cm 
k and A: 

: 2 
eo vetOn A=— — =102cm=| 31.4cm 

0.20cm 
Using the wave function, relate f @ = 2nf =300s" 
and @: 
Solve for fi % 
olve for f. a _| 47.7 Hz 
20 

(b) Express the speed of transverse v= fa= (47.7 Hz\(0.314m) 
waves in terms of their frequency —|15.0m/s 


and wavelength: 


(c) Relate the length of the string to 


f= om n=1,2,3,... 
the wavelengths of its standing- 2 


wave patterns: 


Solve for L when n = 4: L= 2A, = 2(31.4cm) =| 62.8cm 
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Picture the Problem We can find 4 and f by comparing the given wave function to the 
general wave function for a string fixed at both ends. The speed of the waves can then be 
found from v = f/. In a standing wave pattern, the nodes are separated by one-half 
wavelength. 


(a) Express the speed of the traveling v= fa 
waves in terms of their frequency and 
wavelength: 


Using the wave function, relate k a 2a 25a 
and A: 


Solve for A: A 20 


ss qa = 087m = 251m 
om 


Using the wave function, relate @ @ = 2nf =500s* 
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and f: 


Solve for f: 


Substitute to find v: 


Express the amplitude of the 
standing wave in terms of the 
amplitude of the two traveling 
waves that result in the standing 


wave: 
Solve for and evaluate A: 

(b) The distance between nodes is 
half the wavelength: 

(c) Because there is a standing wave 


on the string, the shortest possible 
length is: 


f 


_ 500s” 


5 


= 79.6 Hz 


v =(79.6s)(2.51m)=| 200m/s 


An SIA 
A= oe = — =| 2.50cm 
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Picture the Problem We can evaluate the wave function of Problem 52 at the given 
times to obtain graphs of position as a function of x. We can find the period of the motion 
from its frequency f and find f from its angular frequency o. 


(a) The function y(x,0) is shown below: 


y (x,0) (cm) 
GHEwONKROKRNWA YH 


0.0 0.5 1.0 1.5 2.0 2.5 


x (m) 


The functions y(x,T/4) and y(x,3T/4) are shown below. Because these functions are 
identical, only one graph is shown. 


y (x,T/4) (cm) 
GOKRoOnN FOR NWA 


0.0 0.5 1.0 1.5 2.0 2.5 


x (m) 
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The function y(x,T/2) follows: 


y (x ,T/2) (cm) 
HAR wONHRPOrRN WKY 


0.0 0.5 1.0 1.5 2.0 2.5 
X (m) 

(b) Express the period in terms of pa 

the frequency: 

Using the wave function, relate @ @ = 2nf =500s* 

and f: 

Solve for f: 500s* 

olve for f: f= 00s 79.6 Hz 
a 
. a 1 

Substitute for f and evaluate T: T= — =/12.6ms 

79.68 


Because the string is moving either upward or downward when 


(c) 


y(x) = 0 for all x,the energy of the wave is entirely kinetic energy. 
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Picture the Problem Whether these frequencies are for a string fixed at one end only 
rather than for a string fixed at both ends can be decided by determining whether they are 
integral multiples or odd-integral multiples of a fundamental frequency. The length of the 
string can be found from the wave speed and the wavelength of the fundamental 
frequency using the standing-wave condition for a string with one end free. 


(a) Letting the three frequencies be f _ 75Hz _ 
represented by f', f’, and f'”, find fi ~425Hz |5 
the ratio of the first two frequencies: 
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Find the ratio of the second and f' 125Hz | 5 


third frequencies: ee ~175Hz [7 


(b) | There are no even harmonics, so the string must be fixed at one end only. 


(c) Express the resonance f, =nf,,n=1, 3, 5,... 
frequencies in terms of the 
fundamental frequency: 


Noting that the frequencies are _ f, _ 75Hz _ 
{== =| 25Hz 

multiples of 25 Hz, we can conclude 3 3 

that: 


Because the frequencies are 3, 5, and 7 times the fundamental frequency, 


they are the third, fifth, and seventh harmonics. 


(e) Express the length of the string 


A 
L=n—,n=1,3,5,... 
in terms of the standing-wave 4 


condition for a string fixed at one 


end: 

Using v = fA, find 2: ie v_ 400 a dein 
f, 258° 

Evaluate L for 2; = 16 mandn=1: pen lem _ 400m 
4 4 
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Picture the Problem The lowest resonant frequency in this closed-at-one-end tube is its 
fundamental frequency. This frequency is related to its wavelength through v = fininAmax- 
We can use the relationship between the nth harmonic and the fundamental 

frequency, f, = (2n +1) f,,n=1, 2, 3,..., to find the highest frequency less than or equal 


to 5000 Hz that will produce resonance. 


A 
(a) Express the length of the space Pps R13 Bs: 
above the water in terms of the 
standing-wave condition for a 
closed pipe: 


; 4L 
Solve for A,: A, =—,n=1,3,5,... 
n 
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Amax Corresponds to n= 1: Ac =A = A(1.2 m) =48m 


Using v= fondness find fix Pg es 90 ore 
mn Ame «= 48m 


(b) Express the nth harmonic in f= (2n +1) | ca em 
terms of the fundamental frequency 
(first harmonic): 


To find the highest harmonic below 5000 Hz = (2n +1)(70.8Hz) 
5000 Hz, let f, = 5000 Hz: 


Solve for n (an integer) to obtain: n= 34 
Evaluate fsa: fsq = 69 f, = 69(70.8Hz) =| 4.89 kHz 
(c) There are 34 harmonics higher 35 


than the fundamental frequency so 
the total number is: 
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Picture the Problem Sound waves of frequency 460 Hz are excited in the tube, whose 
length L can be adjusted. Resonance occurs when the effective length of the tube 

Lee = L + AL equals A, 2A, 2A, and so on, where J is the wavelength of the sound. 
Even though the pressure node is not exactly at the end of the tube, the wavelength can be 
found from the fact that the distance between water levels for successive resonances is 
half the wavelength. We can find the speed from v = f/ and the end correction from the 


fact that, for the fundamental, L.., = 4A = L, + AL, where L; is the distance from the top 


of the tube to the location of the first resonance. 


(a) Relate the speed of sound in air v= fa 
to its wavelength and the frequency 
of the tuning fork: 


Using the fact that nodes are A= 2(55.8 cm —18.3 cm) 
separated by one-half wavelength, = 75cm 

find the wavelength of the sound 

waves: 


Substitute and evaluate v: v= (460 s*\(0.75 m) —| 345m/s 


(b) Relate the end correction AL to 
the wavelength of the sound and 
effective length of the tube: 


Solve for and evaluate AL: 


#57 0 
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A-L, =+4(75cem)-18.3cm 
=| 0.450cm 


Picture the Problem We can use v = f/ to express the fundamental frequency of the 


| YRT 
organ pipe in terms of the speed of sound and v= 7 to relate the speed of sound and 


the fundamental frequency to the absolute temperature. 


Express the fundamental frequency 
of the organ pipe in terms of the 
speed of sound: 


Relate the speed of sound to the 
temperature: 


Substitute to obtain: 


Using primed quantities to represent 
the higher temperature, express the 
new frequency as a function of T: 


As we have seen, / is proportional 
to the length of the pipe. For the 
first question, we assume the length 
of the pipe does not change, so 

A= A. Then the ratio of f' to fis: 


Vv 
7 
)- [RE 

M 


where y and R are constants, M is the 
molar mass, and T is the absolute 


temperature. 
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Solve for and evaluate f' with _ _ 305K 
T' = 305 K and T = 289 K: P= Fos = Pras 289K 


= (440.0 Hz) ee 
\ 289K 


- [2] 


It would be better to have the pipe expand so that v/L, where L is the 


length of the pipe, is independent of temperature. 
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Picture the Problem We can express the wavelength of the fundamental in a pipe open 


at both ends in terms of the effective length of the pipe using 2 = 2L,,, = 2(L + AL), 


where L is the physical length of the pipe and 4 = v/f. Solving these equations 
simultaneously will lead us to an expression for L as a function of D. 


Express the wavelength of the A =2Lig = 2(L + AL) 
fundamental in a pipe open at both where L is its physical length. 
ends in terms of the pipe’s effective 
length Lees: 

in: A A 
Solve for L to obtain: L = Ab ~*_9.3186D 
Express the wavelength of middle C res we 
in terms of its frequency f and the f 


speed of sound v: 


Substitute to obtain: ae 0.3186D 

340 m/; 
Substitute numerical values to L= m. : _0.3186D 
express L as a function of D: 2(256 S 


= 0.664m — 0.3186D 


Evaluate L for D = 1 cm: L = 0.664m — 0.3186(0.01m) 
=| 66.1cm 
Evaluate L for D = 10 cm: L =0.664m — 0.3186(0.1m) 


- [2a] 


Evaluate L for D = 30 cm: 
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L =0.664m — 0.3186(0.3m) 


=| 56.8cm 


Picture the Problem We know that, when a string is vibrating in its fundamental mode, 


its ends are one-half wavelength apart. We can use v = f/ to express the fundamental 


frequency of the organ pipe in terms of the speed of sound and v = ,/F'/y to relate the 


speed of sound and the fundamental frequency to the tension in the string. We can use 


this relationship between f and L, the length of the string, to find the length of string 


when it vibrates with a frequency of 650 Hz. 


(a) Express the wavelength of the 
standing wave, vibrating in its 
fundamental mode, to the length L 
of the string: 


(b) Relate the speed of the waves 
combining to form the standing 
wave to its frequency and 
wavelength: 


Express the speed of transverse 
waves as a function of the tension in 
the string: 


Substitute and solve for F to obtain: 


Substitute numerical values and 
evaluate F: 


(c) Using v = f/ and assuming that 
the string is still vibrating in its 
fundamental mode, express its 
frequency in terms of its length: 


A =2L = 2(40cm)=| 80cm | 


v=fa 

F 
v= [— 

a 
pape 


L 
where m is the mass of the string and L is 
its length. 


3 
F =(500s*)?(0.8m)? 22*10_*s 
0.4m 
=| 480N 
Vv Vv 
feelers, 
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Solve for L: 


Letting primed quantities refer to a 
second length and frequency, 
express L’ in terms of f’: 


Express the ratio of L’ to L and 
solve for L’: 


Evaluate Lgso pz: 
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Le” 
af 
fas 
27 
[ 
Hiss > pats 
Lf [ 
500 Hz 
650Hz ~ 650 Hz 500 Hz 
_ 500 Hz 


= (40 cm) = 30.77 cm 
650 Hz 


You should place your finger 
9.23 cm from the scroll bridge. 


Picture the Problem Let /’ represent the frequencies corresponding to the A, B, C, and D 


notes and x(f") represent the distances from the end of the string that a finger must be 


placed to play each of these notes. Then, the distances at which the finger must be placed 


are given by x(f')= L(f,)-L(f ‘). 


Express the distances at which the 
finger must be placed in terms of the 
lengths of the G string and the 
frequencies f' of the A, B, C, and D 
notes: 


Assuming that it vibrates in its 
fundamental mode, express the 
frequency of the G string in terms of 
its length: 


Solve for Lc: 


Letting primed quantities refer to 
the string lengths and frequencies of 


x(f')=L(fe)-L(f') (1) 


Vv Vv 
fo=5-=5— 
G 2L, 
_ Vv 
" 
ve 
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the A, B, C, and D notes, express L’ 
in terms of f’: 


° ' L ' 
Express the ratio of L’ to L and APs fe Jt fe L, 
solve for L’: Le Ff t 
Evaluate L’ = L(f) for the notes A, Note | Frequency | L(f') 
B, C and D to complete the table: (Hz) (cm) 
A 220 26.73 
B 247 23.81 
C 262 22.44 
D 294 20.00 
Use equation (1) to evaluate x(f') Note | Frequency | L(f') x(f') 
and complete the table to the right: (Hz) (cm) (cm) 
A 220 26.73 | | 3.27 
B 247 23.81 | | 6.19 
C 262 22.44 | | 7.56 
D 294 20.00 | | 10.0 
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Picture the Problem We can use the fact that the resonance frequencies are multiples of 
the fundamental frequency to find both the fundamental frequency and the harmonic 
numbers corresponding to 375 Hz and 450 Hz. We can find the length of the string by 
relating it to the wavelength of the waves on it and the wavelength to the speed and 
frequency of the waves. The speed of the waves is, in turn, a function of the tension in the 
string and its linear density, both of which we are given. 


(a) Express 375 Hz as an integer nf, =375Hz (1) 
multiple of the fundamental 
frequency of the string: 


Express 450 Hz as an integer (n +1) f, = 450 Hz (2) 
multiple of the fundamental 
frequency of the string: 


Solve equations (1) and (2) a 75.0 Hz 


simultaneously for f;: 
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(b) Substitute in equation (1) to obtain: 


(c) Express the length of the string 
as a function of the speed of 
transverse waves on it and its 
fundamental frequency: 


Express the speed of transverse 
waves on the string in terms of the 
tension in the string and its linear 


density: 


Substitute to obtain: 


Substitute numerical values and 
evaluate L: 
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n=5 


The harmonics are the fifth and sixth. 
Av 
2. FF, 


1 |F 
1-3 fF 
2f, Vu 


1 360 N 
2(75s")\ 4x10" kgm — 


Picture the Problem We can use the fact that the resonance frequencies are multiples of 


the fundamental frequency and are expressible in terms of the speed of the waves and 


their wavelengths to find the harmonic numbers corresponding to wavelengths of 0.54 m 


and 0.48 m. We can find the length of the string by using the standing-wave condition for 


a string fixed at both ends. 


(a) Express the frequency of the 
nth harmonic in terms of its 
wavelength: 


Express the frequency of the 
(n + 1)th harmonic in terms of its 
wavelength: 


Solve these equations 
simultaneously for n: 


if == y 
* 4. 0.54m 

Vv Vv 
n+1)f, =——= 
ceed) A,  0.48m 
n=8 


The harmonics are the eighth and ninth. 


(b) Using the standing-wave 
condition, both ends fixed, relate 
the length of the string to the 
wavelength of its nth harmonic: 


Evaluate L for the eighth harmonic: 
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0.54m 
t= : )- 2.16m 
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L i et 3,... 
2 


Picture the Problem The linear densities of the strings are related to the transverse wave 
speed and tension throughv = ,/F/,1. We can use v= fA = 2{L to relate the frequencies 


of the violin strings to their lengths and linear densities. 


(a) Relate the speed of transverse 
waves on a String to the tension in 
the string and solve for the string’s 
linear density: 


Express the dependence of the 
speed of the transverse waves on 
their frequency and wavelength: 


Substitute to obtain: 


Substitute numerical values and 
evaluate jig: 


(b) Evaluate sua: 


F 
y= —= 
L 
and 
ae 
HL es 
v=f,Aa 
= 27 
Fy 
MARL 


_ 90N 
 ~is(440s")] (0.3m) 
=5.74x10~ kg/m 


-[0374a | 


90N 
4(440s)’ (0.3m) 
=1.29 x10 kg/m 


-[123g] 
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Evaluate sp: _ 90N 
4(293s")’ (0.3m) 

2.91x10° kg/m 

=| 2.91¢/m 


Evaluate sc: 7 90N 
~ a(i95s*)’(0.3m)? 
= 6.57x10° kg/m 

=| 6.57 g/m 
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Picture the Problem The spatial period is one-half the wavelength of the standing wave 
produced by the sound and its reflection. Hence we can solve c = f'A'for 2’ and use 


f'= f[1/Q—v/c)] to derive an expression for 4’/2 in terms of c, v, and f. 


(a) Express the wavelength of the y= Cc 
reflected sound as a function of its ' 
frequency and the speed of sound in 


air: 


Use the expression for the Doppler- fi=f 1 
shift in frequency when to source is oe 
in motion to obtain: c 


where c is the speed of sound. 


Substitute to obtain: A - c = c 
' 1 
2. 2F of 
a: 
Cc 
la es es cl 
2f Cc Zt 

Substitute numerical values and Ah 7 340 m/s — 22.4m/s _/0318m 
evaluate the spatial period of the 2 2(500 s*) 


standing wave: 
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As the ambulance moves closer to the wall, the sound waves from its siren 
(b) will periodically move in and out of resonance (i.e., the reflected waves 


will sometimes interfere constructively and sometimes partially 


destructively) so the intensity will periodically get louder and softer. 


65 
Picture the Problem Beat frequencies are heard when the strings are vibrating with 
slightly different frequencies. To understand the beat frequency heard when the A and E 
strings are bowed simultaneously, we need to consider the harmonics of both strings. In 
part (c) we’ll relate the tension in the string to the frequency of its vibration and set up a 
proportion involving the frequencies corresponding to the two tensions that we can solve 
for the tension when the E string is perfectly tuned. 


The two sounds produce a beat because the third harmonic of the A 


string equals the second harmonic of the E string, and the original frequency 


(a) 


of the E string is slightly greater than 660 Hz. If f, =(660+ Af)Hz,a 
beat of 2Af will be heard. 


(b) Because fyeat increases with f, =660Hz+ 13 Hz) 
increasing tension, the frequency of -\661 5H 
the E string is greater than 660 Hz. 
Thus the frequency of the E string 
is: 
(c) Express the frequency of a string v 1/F 
as a function of its tension: ‘i ra | LU 
When the frequency of the E string 1 |F 
; 660 Hz = —, |—"™ 
is 660 Hz we have: | Ll 
When the frequency of the E strin 
1 nee . isn 
is 661.5 Hz we have: AV u 
Divide the first of these equations H 

=| S82 | Gon)= [ 79.6N | 
by the second and solve for F'¢¢o uz to 660 Hz 661 Sue 5 Hz 
obtain: 
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Picture the Problem We can use the condition for constructive interference of the waves 
reflected from the walls in front of and behind you to relate the path difference to the 
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wavelength of the sound. We can find the wavelength of the sound from its frequency 


and the speed of sound in air. 


Express the total path difference as 
you walk toward the far wall of the 
hall: 


Express the condition on the path 
difference for constructive 
interference: 

The reduction in the distance to the 
nearer wall as you walk a distance d 
is: 

The increase in the distance to the 
farther wall as you walk a distance d 
is: 

Substitute in equation (1) to find the 
total path difference as you walk a 


distance d: 


Relate 2 to f and v: 


Substitute in equation (2) to obtain: 


Solve for and evaluate d forn = 1: 
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AX = AX rear watt + AX far wall (1) 
nA = Ax where n= 1, 2,3,... (2) 
AXnear wall = 2d 

AX¢ar wall = 2d 


Ax = 2d +2d =4d 


Vv 340 m/s 
aR ago 5) 225m 


Picture the Problem Let the wave function for the wave traveling to the right be 
Ya (x,t) = Asin(kx —@t—6) and the wave function for the wave traveling to the left 


be y,, (x, t) = Asin(kx +ot+o ) and use the identity 


sina +sin B =2 sin 22) cos 4 


}e show that the sum of the wave functions 


can be written in the form y(x, t) = A'sin kx cos(at +6 ) ‘ 
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Express the sum of the traveling waves of equal amplitude moving in opposite directions: 
y(x,t) = yp (x,t)+ y, (x,t) = Asin(kx—ot—5) + Asin(kx+ at +6) 


Use the trigonometric identity to obtain: 


_ ( kx-at-d+kx+at+6d kx-—aot —-6 —kx-—at-—6 
y(x,t) = 2Asin > cos ——_. = 


= 2 Asin kx cos(— at — 5) 


Because the cosine function is even; y (x, t) = 2Asin kx cos(at +0 ) 

i.e., cos(—8) = cos@: = A'sin kx cos(at + 5) 
where A’ = 2A. 

Thus we have: y(x,t)=| A'sin kx cos(at + 6) 


provided A’ = 2A. 
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Picture the Problem We can find @; and k3 from the given information and substitute to 
find the wave function for the 3“ harmonic. We can use the time-derivative of this 
expression (the transverse speed) to express the kinetic energy of a segment of mass dm 
and length dx of the string. Integrating this expression will give us the maximum kinetic 
energy of the string in terms of its mass. 


(a) Write the general form of the y,(x,t) = A, sin k,x cos at 
wave function for the 3 harmonic: 


Evaluate «oy: o, = Inf, = 2x (100s) = 200787 
Using the standing-wave condition P33 As 
for a string fixed at one end, relate 
the length of the string to its 3" and 
: 4 4 
harmonic wavelength: jn. t= Onl 8 - 
Evaluate k3: _ 20 27 ST 4 
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Substitute numerical values and Kx =4 m(200 rs: ) (0.03 m) 


max 


evaluate Kynax: 


=| (88.8J/kg)m 


Substitute to obtain: 


y,(x,t)=| (0.03 msi (32 m | cos(2007s*)e 


‘ ° 2 
(b) Express the kinetic energy of a dK == dmv, 
segment of string of mass dm: 


Express the mass of the segment in dm = pdx 
terms of its length dx and the linear 
density of the string: 


Using our result in (a), evaluate vy: 
Vv, = S|(003 msi (32 m | cos(200z s+) J 
ot 4 
= ~(2007 s*)(0.03 msi (5 mx sin(200 s*) t 


=—(6z msi [32 m}s| sin(200 s*) t 


Substitute to obtain: 


2 
dK = ie min ($2 m” | sin(200z s7) J dx 
Express the condition on the time sin(200z s! Ne =1 
that dK is a maximum: or 
(2007s) = 2,2... 
2 2 
Solve for and evaluate t: 1. # 1 32 


t= : eee 
2007s 2 2007s" 2 
=} 2.50ms,7.50 ms... 
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Because the string’s maximum 


kinetic energy occurs when The string is a straight line. 
y(x,t) = 0: 
(c) Integrate dK from (b) over the t 3 
length of the string to obtain: Boax = J b[aAsin nssin a] MAX 
L 
=1y@ A | sin’ kxdx 
0 


= 40? A* Fada —4sin 2kx]* 


=1imo°A° 


where m is the mass of the string. 
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Picture the Problem We can equate the expression for the velocity of a wave on a string 
and the expression for the velocity of a wave in terms of its frequency and wavelength to 
obtain an expression for the weight that must be suspended from the end of the string in 
order to produce a given standing wave pattern. By using the condition on the 
wavelength that must be satisfied at resonance, we can express the weight on the end of 
the string in terms of vz, f, L, and an integer n and then evaluate this expression for n = 1, 
2, and 3 for the first three standing wave patterns. 


Express the velocity of a wave on T mg 
the string in terms of the tension T V=.[— =,|— 
H H 


in the string and its linear density zu: 
where mg is the weight of the object 


suspended from the end of the string. 


Express the wave speed in terms of v= fa 
its wavelength 4 and frequency f: 


Eliminate v to obtain: 
fis (ee 
L 


Solve for mg: mg=pu f°” 
eee A=—,n=1,2,3, 
Substitute to obtain: oLy 

mg a=) n=1,2.3, 

or 

mg = aie »n=1, 2,3,... 
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Evaluate mg for n= 1: 4(0.415g/m)(80s") (0.2m)? 
me (1) 


which corresponds, at sea level, to a mass 
of 43.3 g. 


Evaluate mg for n = 2: 4(0.415g/m)(80s") (0.2 m) 
mg = i ) ne 


- [08] 


which corresponds, at sea level, to a mass 
of 10.8 g. 


Wave Packets 


70 

Picture the Problem We can find the maximum duration of each pulse under the 
conditions given in the problem from the reciprocal of frequency of the pulses and the 
range of frequencies from the wave packet condition on Aw and At. 


(a) The maximum duration of each 1 ~107s=| 0.100 Us 


1 
pulse is its period: f ~10’st 


(b) Express the wave packet A@At ~1 or 27AfAt ~1 
condition on Aw and At: 


Solve for Af: KP 1 a - 
2mMt 22 
Substitute numerical values and 10’s' 
Af = =| 1.59MH 
evaluate Af: f 20 
71 ° 


Picture the Problem We can approximate the duration of the pulse from the product of 
the number of cycles in the interval and the period of each cycle and the wavelength from 
the number of complete wavelengths in Ax. We can use its definition to find the wave 
number k from the wavelength A. 


(a) Relate the duration of the pulse to At» NT = N 
the number of cycles in the interval and ~ 7 i 


the period of each cycle: 
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(b) There are about N complete as Ax 
“LN 


wavelengths in Ax; hence: 


(c) Use its definition to express the 2a 27aN 
wave number k: A Ax 


N is uncertain because the waveform dies out gradually rather than stopping 
(d) | abruptly at some time; hence, where the pulse starts and stops is not well 
defined. 


(e) Using our result in part (c), hee 27AN _| 22 
express the uncertainty in k: Ax | Ax 


because AN = +1. 


General Problems 


72 °° 
Picture the Problem We can use v = f/ and v = ./F'/ to relate the tension in the piano 


wire to its fundamental frequency. 


Relate the tension in the wire to the F FL 
speed of transverse waves on it: im LU “Vim 
Express the speed of the transverse v= fa 

in terms of their wavelength and 

frequency: 

Equate these expressions and solve Fe mf °A? 

for F to obtain: 7 L 

Relate 2 for the fundamental mode AS 2h 

of vibration to the length of the 

piano wire: 

Substitute to obtain: F = 4mf*L 


Substitute numerical values and evaluate F: FF = 4(7 x10° kg)(261.63 s)’ (0.8m) 


=| 1.53kN 
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i: a 
Picture the Problem We can use v = f,,4, to express the resonance frequencies of the ear 


canal in terms of their wavelengths and L = nn, n=1,3,5,...to relate the length of the 


ear canal to its resonance wavelengths. 


(a) Relate the resonance frequencies fx oe 

to the speed of sound and the OB 

wavelength of the compressional 

vibrations: 

Express the condition for F=n* wes 5... 


constructive interference in a pipe 
that is open at one end: 


Solve for A,: A= 4L 
Substitute to obtain: i pe _ 340 m/s 
i 4L 4(2.5x107 m) 
= n(3.40 kHz) 
Evaluate f,, fo, and fs: f, =| 3.40kHz J, 
f; =3x3.40kHz =) 10.2kHz |, 
and 


f, =5x 3.40 kHz =| 17.0kHz 


(b) Frequencies near 3400 Hz will be 
most readily perceived. 
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A 
Picture the Problem We can use L = re, n=1,3,5,...to express the wavelengths of 
the fundamental and next two harmonics in terms of the length of the rope and v = f,2n 


LF 
and v = _/— to relate the resonance frequencies to their wavelengths. 
L 


(a) Express the condition for ee ae 
constructive interference on a rope 


that is fixed at one end: 


Solve for A,: 


Evaluate 4, for n = 1, 3, and 5: 


(b) Relate the resonance frequencies 
to the speed and wavelength of the 
transverse waves: 

Express the speed of the transverse 


waves as a function of the tension in 
the rope: 


Substitute to obtain: 


Evaluate f, for n = 1, 3, and 5: 
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Picture the Problem The path difference at the point where the resultant wave an 
amplitude A is related to the phase shift between the interfering waves according to 
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_4L 44m) _ 16m 
on n if n 


pc aE 
3 

and 

jo" 350m 
5 
Vv 

ie | 


F | FL 
y= —_— = — 
L m 
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where m and L are the mass and length of 


the rope. 


pa [FL 1 |(400N)(4m 
"2A Nm A, 0.16kg 


_ 100m/s 
A, 
p= 100m/s _ 6.25Hz 
* 16m 
pe 100 m/s _ 18.8Hz 
5.33m 
and 
100 
fs eS aire 
3.20m 


Ax/A = 6/27. We can use this relationship to find the phase shift and the expression for 


the amplitude resulting from the superposition of two waves of the same amplitude and 


frequency to find the phase shift. 


1282 Chapter 16 


Express the relation between the 
path difference and the phase shift at 
the point where the resultant wave 
has an amplitude A: 


Express the amplitude resulting 
from the superposition of two waves 
of the same amplitude and 


frequency: 


Solve for and evaluate 6: 


Substitute and simplify to obtain: 
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Nea 


A= 2y, cos+o 


_ 22/3 
Bd gy eal 


Picture the Problem We can use v = f,4, to express the resonance frequencies of the 


A 
string in terms of their wavelengths and L = ee n=1, 2,3,...to relate the length of the 


string to the resonance wavelengths for a string fixed at both ends. Our strategy for part 


(b) will be the same ... except that we’ll use the standing-wave condition 


L= nn, n=1,3,5,... for strings with one end free. 


(a) Relate the frequencies of the 
harmonics to their wavelengths and 
the speed of transverse waves on the 
string: 


Express the standing-wave condition 
for a string with both ends fixed: 


Solve for An: 


Substitute to obtain: 


Express the speed of the transverse 
waves as a function of the tension in 
the string: 


4, <28 
n 
Vv 
=n—— 
Loa 
F 
v= [— 
L 


Substitute to obtain: 


Calculate the 1* four harmonics: 


(b) Express the standing-wave 
condition for a string fixed at one 
end: 


Solve for A,: 


The resonance frequencies equation 
becomes: 


Calculate the 1 four harmonics: 
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1 [F 
i= oT i 
1 18N 
=n 
2(35m) | 0.0085kg/m 
= n(0.657 Hz) 


he 
f, = 2(0.657 Hz) = /1.31Hz | 
f; = 3(0.657 Hz) = [1.97 Hz | 


and 


f, = 4(0.657 Hz) = 


= An Fash Dy Dyians 
4 


4,48 
1 |F 
res a 
1 | 18N 
=n 
4(35m) \ 0.0085kg/m 
= n(0.329 Hz) 


f- 
f; = 3(0.329 Hz) =| 0.987 Hz 
f; =5(0.329Hz) =| 1.65Hz 


and 
f, = 7(0.329Hz)=| 2.30 Hz 
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Picture the Problem We’! model the shaft as a pipe of length L with one end open. We 


can relate the frequencies of the harmonics to their wavelengths and the speed of sound 


using v = f,/, and the depth of the mine shaft to the resonance wavelengths using the 
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standing-wave condition for a pipe with one end open; L = nn, n=1,3,5,.... 


Relate the frequencies of the 
harmonics to their wavelengths and 
the speed of sound: 

Express the standing-wave 
condition for a pipe with one end 


open: 


Solve for A,: 


Substitute to obtain: 


For f, = 63.58 Hz: 


For fn+2 = 89.25 Hz: 


Divide either of these equations by 


the other and solve for n to obtain: 


Substitute in the equation for 
fn = fs = 63.58 Hz: 


Solve for and evaluate L: 
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i A pai: 3, Dyes 
4 


3 -At 
Vv 

= n— 

I 4L 


63.58Hz =n—— 
AL 


89.25Hz =(n #2) 


n=4.95+5 
5v 
arr 


_ 5v _ 5(340m/s) _ 
= 4p. (63.5857) ~ oz 


Picture the Problem We can use the standing-wave condition for a string with one end 


free to find the wavelength of the 5" harmonic and the definitions of the wave number 


and angular frequency to calculate these quantitities. We can then substitute in the wave 


function for a wave in the nth harmonic to find the wave function for this standing wave. 


(a) Express the standing-wave 
condition for a string with one end 
free: 


L= i de Ds Diese 
4 


Solve for and evaluate A;: 


(b) Use its definition to calculate the 


wave number: 


(c) Using its definition, calculate the 
angular frequency: 


(d) Write the wave function for a 
standing wave in the nth harmonic: 


Substitute to obtain: 


y;(x,t) = Asin(k,x)cos(@.t) = 
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fee) 4.00m 
55 

Le 20 2 m7! 
A, 4m |2 


oo, = 2nf, = 2x(400s*)=| 8007 57 


yn (x, t) = Asink,xcos@,t 


(0.03 msi {= mx cos(8007s") t 


Picture the Problem The coefficient of the factor containing the time dependence in the 


wave function is the maximum displacement of any point on the string. The time 


derivative of the wave function is the instantaneous speed of any point on the string and 


the coefficient of the factor containing the time dependence is the maximum speed of any 


point on the string. 


Differentiate the wave function with 
respect to t to find the speed of any 
point on the string: 


(a) Referring to the wave function, 
express the maximum displacement 
of the standing wave: 


Evaluate equation (1) at x = 0.10 m: 


Referring to the derivative of the 
wave function with respect to ¢, 
express the maximum speed of the 


vy = <[0.02sin4zxcos607¢] 


= —(0.02)(60)sin 47 xsin 60zt 


=—1.27sin4z xsin60zt 


Vmax (X) = (0.02 m)sin|(4z m)x| (1) 


Vinay (0.10m) = (0.02m) 
x sin|(42m~*)(0.10m)| 


-[190em 


Vy max (X) = (1.2 m/s)sin [(4x m)x| (2) 
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standing wave: 


Evaluate equation (2) at x = 0.10 m: 


(b) Evaluate equation (1) at 
x =0.25 m: 


Evaluate equation (2) at x = 0.25 m: 


(c) Evaluate equation (1) at 
xX = 0.30 m: 


Evaluate equation (2) at x = 0.30 m: 


(d) Evaluate equation (1) at 
X= 0.50 m: 


Evaluate equation (2) at x = 0.50 m: 
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(0.10m) = (1.27 m/s) 
x sin|(47 m~)(0.10 m)| 


3.59 m/s 


Ymnay(0.25m) = (0.02m) 
xsin [(4x m*)(0.25 m)| 


2 


Vy, max(0-25m) = (1.27 m/s) 
x sin (G3 m*)(0.25 m) 
0 


Vy max 


Ymax(0.30m) = (0.02m) 
xsin|(47m*)(0.30m)| 


1.18cm 


V,,max(0-30m) = (1.27 m/s) 
xsin|(47m)(0.30m)| 
=| 2.22m/s 


Ymax(0.50m) = (0.02m) 
xsin [(4x m*)(0.50 m)| 
=[0 


Vy max (0-50m) = (1.27 m/s) 
sin|(47 m” )(0.50 m)| 
0 


Picture the Problem In part (a) we can use the standing-wave condition for a wire fixed 
at both ends and the fact that nodes are separated by one-half wavelength to find the 
harmonic number. In part (b) we can relate the resonance frequencies to their 


wavelengths and the speed of transverse waves and express the speed of the transverse 
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waves in terms of the tension in the wire and its linear density. 


(a) Express the standing-wave 
condition for a wire fixed at both 
ends: 


Solve for n: 


Solve for and evaluate A: 
Relate the distance between nodes to 


the distance of the node closest to 
one end and solve for A,: 


Substitute and evaluate n: 


(b) Express the resonance 
frequencies in terms of the their 
wavelengths and the speed of 
transverse waves on the wire: 


Relate the speed of transverse waves 
on the wire to the tension in the 


wire: 


Substitute and simplify to obtain: 


Evaluate f, for n = 1, 2, and 3: 


*B1 oe 


i qi n=1,2,3,... 
2 


A, = 2L = 2(2.5m)=5m 


54, =0.5m 
and 
A, =1m 
2(2.5m) 
= — 5 
mel 
v v 
= — = n— 
fn a 
F 
v= — 
7 
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f ig FL 1 /(30N)(2.5m 
" —”A,\im 5m 0.1kg 


=n 
= n(5.48Hz) 


f, =| 5.48Hz 


f, = 2(5.48Hz) =| 11.0Hz 


and 


f, = 3(5.48Hz) = 


Picture the Problem We can use v = [A to relate the speed of sound in the gas to the 


distance between the piles of powder in the glass tube. 
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At resonance, standing waves are set up in the tube. At a displacement 


(a)| antinode, the powder is moved about; at a node the powder is stationary, 


and so it collects at the nodes. 


(b) Relate the speed of sound to its v= fA 
frequency and wavelength: 


Letting D = distance between nodes, A=2D 
relate the distance between the nodes 
to the wavelength of the sound: 


Substitute to obtain: v=|2fD 
(c) If we let the length L of the tube f,, = Vain _ _3S44m/s_ _ 680 Hz 
be 1.2 m and assume that vai, = 344 2D 2(0.253m) 


m/s (the speed of sound in air at 
20°C), then the 10" harmonic 
corresponds to D = 25.3 cm anda 
driving frequency of: 


If f =2 kHz and v,,, =1008 m/s (the speed of sound in helium at 20°C), 
then D for the 10" harmonic in helium would 25.3 cm and D for the 10" 
(@) harmonic in air would be 8.60 cm. Hence, neglecting end effects at the 

driven end, a tube whose length is the least common multiple of 8.60 cm 


and 25.3 cm (218 cm) would work well for the measurement of the 


speed of sound in either air or helium. 
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Picture the Problem We can use v = ,/F'/ to express F as a function of v and 

v = fA to relate v to the frequency and wavelength of the string’s fundamental mode. 
Because, for a string fixed at both ends, f,, = nf,, we can extend our result in part (a) to 
part (b). 


(a) Relate the speed of the 
transverse waves on the string to the 


tension in it: 


Solve for F: F = ww (1) 


Relate the speed of the transverse 
waves on the string to their 
frequency and wavelength: 


Express the wavelength of the 
fundamental mode to the length of 


the string: 


Substitute to obtain: 


Substitute in equation (1) to obtain: 


Substitute numerical values and 
evaluate F: 


(b) For the nth harmonic, equation 
(2) becomes: 


Evaluate this expression for n = 2, 3, 


and 4: 
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v= fir, 


v=2fL 
F=4f*L'p (2) 


F =4(60s*) (2.5m)*(8x10° kg/m) 


- [78] 


F, = f,Vu=w f7P’w=n'(720N) 


F, = 4(720N)=| 2.88kN 


F, =9(720N)=| 6.48kN 


F, =16(720N) = 


Picture the Problem We can use the conditions Af = f, and f,, = nf, , where n is an 


integer, which must be satisfied if the pipe is open at both ends to decide whether the pipe 


is closed at one end or open at both ends. Once we have decided this question, we can use 


the condition relating Af and the fundamental frequency to determine the latter. In part 


(c) we can use the standing-wave condition for the appropriate pipe to relate its length to 


its resonance wavelengths. 


(a) Express the conditions on the 


frequencies for a pipe that is open at 


both ends: 


Evaluate Af = fi: 


Using the 2™ condition, find n: 


Af = hi 
and 
ie = nf; 


Af =1834Hz-—1310Hz =524Hz 


f, _1310Hz _ 


f,  524Hz 
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The pipe is closed at one end. 


(b) Express the condition on the Af =2f, 

frequencies for a pipe that is open at 

both ends: 

Solve for and evaluate f: f, =4Af =4(624Hz)=) 262Hz 
(c) Using the standing-wave rah Ay at Os 


condition for a pipe open at one end, 
relate the length of the pipe to its 
resonance wavelengths: 


For n= 1 we have: je mata 
1 4f 
Substitute numerical values and _ 340m/s _ 304 
= 5 =| 32.4cm 
evaluate L: A(262s 
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Picture the Problem We can relate the speed of sound in air to the frequency of the 
violin string and the wavelength of the sound in the open tube that is closed at one end by 
water. The wavelength of the sound, in turn, is a function of the length of the air column 
and so we can derive an expression for the speed of sound as a function of the frequency 
of the transverse waves on the violin string and the length of the air column above the 
water. Knowing that the violin string is vibrating in its fundamental mode, we can 
express this frequency in terms of the tension in the string and its linear density. 


Express the speed of sound in the v= f4 
tube in terms of its fundamental 
frequency and wavelength: 


Using the standing-wave condition = A, Au1.35 
ircol TPE FE Dy Oy U5 ore 

for a tube open at one end, relate the GE pew 

speed of sound to the length of the 


air column in the tube: 


Solve for A: A, = AL... column 


Substitute to obtain: Veo= 4 f; ein column (1) 


Express the frequency of the 
transverse waves on the violin 
string in terms of their wavelength 
and the speed with which they 
propagate on the string: 


Relate the speed of the transverse 
waves on the string to the tension in 


it: 


Substitute to obtain: 


Substitute in equation (1) to obtain: 


Substitute numerical values and 
evaluate v,: 
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Vv Vv 
h 7 A, 7 2D sing 


EE PF {eae 
v= |— =.,/—_— 
L \ om 
f, = 1 F 1 ee _ PF 
; A licsisg m AML ning 


Vv, = AL ivcolumn a 
\ 4mL 


=2L 


air column 
\ mL 


(440N) 
\ (10° kg)(0.5m) 


- [8] 


v, = 2(0.18m) 


(see Problem 56). 


The method is not very accurate because it neglects end effects 
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Picture the Problem We know that the superimposed traveling waves have the same 


wave number and angular frequency as the standing-wave function, have equal 
amplitudes that are half that of the standing-wave function, and travel in opposite 


directions. From inspection of the standing-wave function we note that 
k= tyzm" and @ = 407s '. We can express the velocity of a segment of the rope by 


differentiating the standing-wave function with respect to time and the acceleration by 


differentiating the velocity function with respect to time. 


(a) Write the wave function for the wave traveling in the positive x direction: 


y,(x,t)= (0.01m)si {Zn je -(4025")e 
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Write the wave function for the wave traveling in the negative x direction: 


y,(x,t) = (0.01m)si {Zr +4025") 


(b) Express the distance d between d=tA 
nodes in terms of the wavelength of 
the standing wave: 


Use the wave number to find the aa 4 _ 24 
= 77M =— 
wavelength: A 
and 
A=4m 


Substitute and evaluate d: d= 1(4 m) = 


(c) Differentiate the given wave function with respect to t to express the velocity of any 
segment of the rope: 


v, (x,t) = 21 (002 m)sin{ Zn") cos(407s7 | 


= -(0.87 missin “mn }xsin( 40.75") 
Evaluate v, (Lm, t): 


v, (1m, t)= (0. 87 m/s )sin{ m- ‘\am) sin (407 s- ‘\t 


=-(0. 87 m/s) )sin(40zs Yt 
=| —(2.51m/s)sin(407s" Je 


(d) Differentiate v,, (x, t) with respect to time to obtain a, (x, t): 


a,(x,t)= S|. (0.82 mis)sin{ 2 ms sin(407 s" | 


-(327° m/s* bin Sm) cos(40z st 
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Evaluate a,(1m,t): 
a,(1m,t) = (322° mis*)sin{ Sm" \m)cos(40x s*)t 


= (322° m/s? \cos(40z se 
=| —(316m/s’ Jcos(40z s")t 


86 ee 

Picture the Problem We can use the definition of intensity to find the intensity of each 
speaker, the dependence of intensity on the square of the amplitude of the wave 
disturbance to express the amplitudes of the waves, and the dependence of the intensity 
on whether the speakers are coherent and their phase difference to find the intensity at the 
given point. 


(a) Express the intensity as a ve P 
function of the distance of a point 4ar 
from the source: 


Evaluate I: Ls a =| 19.9 W/m* 
' 4a(2m/y 

Evaluate I: I= =e 8.84 W/m* 
* 4n(3m)’ 


(b) Using v = fA, find the ue 340 m/s _ 

wavelength of the sound: f 680s" 

Express the path difference in terms Ax = 2A 

of A: and so there is constructive interference at 
point P. 

Express the intensity at point P due I, = constant x A 


to the sound from source 1: 


or 
A =CyJI, 


where C is a constant. 


Express the intensity at point P due I, = constant x A; 


or 
A, =CyI, 


the sound from source 2: 
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Express the square of the resultant A= e| ain + as y =C7] 
amplitude at point P: 
Solve for and evaluate I: f= (/7, + Jt) 
2 
- (19.9 uW/m? + (8.84 uW/m? 
=| 55.3, uW/m? 
(c) If they are driven coherently but ie ( Vi, > 5 y 
are 180° out of phase we will have 9 
destructive interference at point P a (J 19.9 W/m* — J 8.84 W/m* 
and the intensity is given by: =|991 W/m? 
(d) Because the sources are r=f,+1, 
incoherent, the intensities add =19.9 W/m? +8.84 W/m? 
arithmetically: 8.7 uWhne 
= .7 UW/m 


87 we 
Picture the Problem In Chapter 14, 
Section 14.1, it was shown that a harmonic 
function could be represented by a vector 
rotating at the angular frequency w. The 
simplest way to do this problem is to use 


that representation. The vectors, of equal 
magnitude, are shown in the diagram. 

We can find the resultant wave function by 
finding the magnitude and direction of the 


resultant vector. 


From the diagram it is evident that: by =0 

Find the sum of the x components of >» ¥ = Acos60°+ Acos60°+ A=2A 
the vectors: 

Relate the magnitude of the —_ i _ y in bS v, y 


resultant vector to the sum of its x 
and y components: = (2A) +(0) =2A 


Find the direction of the resultant 
vector: 


Express the resultant wave: 


88 
Picture the Problem The diagram shows a 


two dimensional plane wave propagating at 
an angle @ with respect to the x axis. Ata 
given point in time, the surface of constant 
phase for the wave is the line defined by 
kx+ky =, or y=—(k,/k, )x+¢. 
The wave itself moves in a direction 
perpendicular to the wavefront, i.e., ina 
direction specified by a line with slope 
k,/k,. Choose two points (x, y) and 

(x + Ax, y + Ay) that have a separation of 1 
wavelength along such a line. 

Express the phase difference ¢ 

between the two points that have a 
separation of 1 wavelength along 

the line y = -(k, /k, )x + @ in terms 

of the spatial separation Ar of the 

points: 


Substitute ¢= 27 to obtain: 


Express ¢ in terms of k,, ky, Ax and Ay: 


k 
Because Ay = oo 


x 
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ta 


6 =tan” id 
dv 


Veeg(X,¢) = 2Asin(kx — at) 
0.1sin(kx— ot) 


x 


Surfaces of constant phase 


v 


(x + Ax,y + Ay) 


me 


Ar A 


or 


A= (Ax) + (Ay) (1) 


= kAr = k,Ax+k,Ay 


or, because ¢= 27, 
k Ax+ k Ay =27 


k? 
kAx+ 7? Ax = 20 


or 
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Similarly: ie = i 
k, ek, 
ee eas -_ ; ; 
Substitute in equation (1) to obtain: nk 2 rk, 
* Wake) "ee 
x y x y 
_ 2 
2 2 
ky +k, 
Relate the wave velocity v to its ga A 
angular frequency wand wave k 2i0 
number k: 
Substitute for A to obtain: o 20 Qo 


© eI ke Jieie 


Express the angle between the wave 27k, 
velocity and the x axis: 


*8Q ee 
Picture the Problem We can express the fundamental frequency of the organ pipe as a 
function of the air temperature and differentiate this expression with respect to the 
temperature to express the rate at which the frequency changes with respect to 
temperature. For changes in temperature that are small compared to the temperature, we 
can approximate the differential changes in frequency and temperature with finite 
changes to complete the derivation of Af/f = YAT/T. In part (b) we’ll use this relationship 
and the data for the frequency at 20°C to find the frequency of the fundamental at 30°C. 


(a) Express the fundamental f= ve 
frequency of an organ pipe in terms A 
of its wavelength and the speed of 
sound: 
Relate the speed of sound in air to T 
: y= SGNT 


the absolute temperature: M 
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where 
R 
C= J = constant 
M 
ee , C 
Defining a new constant C’, for dP =ONT 
substitute to obtain: A 


because / is constant for the fundamental 
frequency we ignore any change in the 


length of the pipe. 
Differentiate this expression with df _ dango _f. 
respect to T: dT 2 2T 
Separate the variables to obtain: df 1dT 


For AT << T, we can approximate df Af _1AT 
by Af and dT by AT to obtain: ; 2 
(b) Express the fundamental foo = foo + Af 
frequency at 30°C in terms of its 
frequency at 20°C: 
Solve our result in (a) for Af: AT 
ator Af =4 f 
T 
. . 1 K 
Substitute numerical values and fay = 200Hz + 4(200 Hz) 0 
evaluate Af: 
=| 203Hz 
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Picture the Problem We’|l use a spreadsheet program to graph the wave functions 
individually and their sum as functions of x at t= 0 and at t= 1s. In (c) and (d) we can 
add the wave functions algebraically to find the result wave function at t = 0 and at 
t=1s. 


(a) and (d) A spreadsheet program to calculate values for y,(x,t) and y.(x,t) between and 
plot their graphs is shown below. The constants and cell formulas used are shown in the 
table. 


Cell Content/Formula Algebraic Form 
AS —5.0 x 
A6 A5+0.1 x + Ax 
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BS | 0.05/(2+(A5—2*$B$1)2) y,(x,0) 
C5 | -0.05/(2+(A5+2*$B$1)\2) y,(x,0) 
D5 | 0.05/(2+(A5-2*$B$1)2) | y,(x,0)+ y,(x,0) 
~0.05/(2+(A5+2*$B$1)12) 
ES | 0.05/(2+(A5-2*$B$2)2) | y,(x,1)+y,(x,1) 
~0.05/(2+(A5+2*$B$2)\2) 
A B Gg D E 
1 t= | 0 
2 t=] 1 Ss 
2 
4 x | y1(x,0) | y2(x,0) | y1(x,0)+y2(x,0) | y1(x,1)+y2(x,1) 
5 |-5.0| 0.001 | -0.001 0.000 ~0.001 
6 |-4.9| 0.001 | -0.001 0.000 0.002 
7 |-4.8| 0.001 | -0.001 0.000 ~0.002 
8 | -4.7| 0.001 | -0.001 0.000 ~0.002 
9 |-4.6| 0.001 | -0.001 0.000 0.002 
10 | -4.5| 0.001 | -0.001 0.000 ~0.002 
110| 5.5 | 0.001 | -0.001 0.000 0.001 
111| 5.6 | 0.001 | -0.001 0.000 0.001 
112 | 5.7 | 0.001 | -0.001 0.000 0.001 
113| 5.8 | 0.001 | -0.001 0.000 0.001 


The four curves on the graph are identified in the legend. y, is traveling from left to right 
and y> from right to left. As time increases, y, is farther to the right and y is farther to the 
left. 


4 elas y1(x,0) 
y2(x,0) 
mos y 1 (X,0)+¥2(X,0) 
y1(x,1)+y2(x,1) 
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(b) Express the resultant wave function at t = 0: 


0.02m° i —0.02m° _ 0] 


y,(x,0)+ y2(x,0) = Keri Tut eee 


(c) Express the resultant wave function at t = 1s: 


0.02 m* —0.02m° 


y,(x,1s)+ Yo (x,1s) = 


2m?+(x—2s) 2m?+(x+2s) 
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Picture the Problem We can relate the frequency of the standing waves in the open- 
ended tube to its length and the speed of sound in air. 


(a) What you hear is the fundamental mode of the tube and its overtones. A more 
physical explanation is that the echo of the finger snap moves back and forth along the 
tube with a characteristic time of 2L/c, leading to a series of clicks from each echo. 
Because the clicks happen with a frequency of c/2L, the ear interprets this as a musical 
note of that frequency. 


(b) Express the frequency of the ps a 
sound in terms of the length of the 21 
tube: 
Solve for L: eee 
2f 

. . 4 
Substitute numerical values and f< 3 ae _138.6an 
evaluate L: 2(440s ) 
92 ee 


Picture the Problem To find the total kinetic energy of the nth mode of vibration, we’ll 
need to differentiate y,, (x, t) = A,sink,xcos@,t with respect to time, substitute in the 


expression for AK, and then integrate over the length of the string. 


(a) Write the wave function for a Yn (x, t ) =A sink,xcos@,t 
standing wave on a string fixed at 20 
where k, = —. 
both ends: 7 he 
. . 2 s 4: A 
Using the standing-wave condition Pap pee, 


for a string with both ends fixed, 
relate the length of the string to the 
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wavelength of the nth harmonic: 


Solve for An: nt 2L 
"on 
Substitute in the expression for k,, to ee a 
obtain: i L 
Differentiate this expression with oy _ 0; [ A sink,xcos@ t] 
respect to ¢: ot ot F ‘ 


=-0,A, sink, xsina,t 


Substitute in the given expression AK = (- o,A, sink, xsin @,t) Ax 


and simplify to obtain: o. A due kx gai? 0, tAx 


NIP NR 
& S 


Integrate this expression over the K =1 2A? sin? fe 
ih =f uo,A* sin’ a | sin*| n—x |dx 
length of the string to find its total 2HO,A, fe L 


kinetic energy: 
1 2202.2 
=| 47mo,A; sin’ a,t 
4 n n 


(b) Express the condition that sin? o,t =1 (1) 
K = Kpax: 

: ne 2 a2 
Substitute to obtain: Knox =| +m, A; 


i = : : a 
(c) From equation (1), for K = Knax: ene o,t =1or o,t = 5 


Evaluate the wave function in (a) 1 : 1 
i y,| %—— |=A,sink,xcos— =| 0 
when @,t =—: 20, 2 
2 
(d) Using the result from part (5), Kix = Ma; A, 
express the maximum kinetic 
energy: 
Relate @, to @: o, =na, 
Substitute to obtain: Koi (ima? A? ) 


or, because m and q, are constants, 
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Remarks: Our result in part (b) is exactly the same result obtained in Problem 68 
with @, and A, replacing wand A. 
93 oo 


. Vv 
Picture the Problem We can use f,, = Lore n=1,2,3,... to relate the resonant 


frequencies to the length of the string and the speed of transverse waves on the string and 


v =./F/ to express the speed of the transverse waves on the string in terms of the 


tension in the string. Differentiating of the resulting expression with respect to F will lead 


1 dF 
to o = — For changes in f that are small compared to f, we can use a differential 
ee _ Af,  1AF 
approximation to obtain =-—. 
~_ 2 £ 
(a) Using the standing-wave i= i n=1,2°3.... 


condition for a string fixed at both 
ends, relate the resonant frequencies 
to the length of the string and the 
speed of transverse waves on the 
string: 


Express the speed of transverse F 
ae v= [— 
waves on the string in terms of the Ul 
tension in the string: 
Substitute to obtain: n |EF 
[=>] =CVF 
2L \ u 


because n, L, and ware constants. 


Differentiate f,, with respect to F to df, Se ee i, 

obtain: dF 2 JF 2F 

Separate the variables to obtain: df, _1dF 
(28 


Because no conditions were placed on its derivation, this expression is valid for 


all harmonics. 
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(b) Because Af << f, one can Af, S LAF 
approximate the differential fi, 2 
quantitities in our result for part (a) 
to obtain: 
Solve for AF/F: AF _ Af 

F li 
Substitute numerical values and AF 2 Hz 

= = 10) 

evaluate AF/F: EF { 260 7 i ea 
94. 


Picture the Problem Let the sources be denoted by the numerals 1 and 2. The phase 
difference between the two waves at point P is the sum of the phase difference due to the 
sources 6p and the phase difference due to the path difference 6. 


(a) Write the wave function due to f, (x, t) =| A, cos(kx, = at) 


source 1: 
Write the wave function due to f,(x,t) =| A, cos(k(x, + Ax)— at + 6,) 
source 2: 


(b) Express the sum of the two wave functions: 


f(x,t)= f,(x,t)+ f(x,¢) = A, cos(kx, — at) + A, cos(k(x, + Ax)- @t +6, ) 
=A, [cos(kx, —ct)cos(k(x, + Ax)- at +6, )I 


+ — 
Use cosa@+cos f=2 cos “+8 cos : B ) to obtain: 


f (x, t) = 2A ooo + eos a + =) -—ot+ 4) 


Express the phase difference 6 in ns: 
terms of the path difference Ax and Ax 
the wave number k: 


Substitute to obtain: 
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f(x,t)= 


2A, cor oro 


The amplitude of the resultant wave 
function is the coefficient of the 
time-dependent factor: 


(c) Express the intensity at an 
arbitrary point P: 


Evaluate I for d= 0 and 6, = Ct: 


Because the average value of 
cos’ @ over a complete period is 44: 


(d) Evaluate I for Ax = 4A and 
Os = Ct: 


A=| 2A, cos+(5+6,) 


I,=C'A 
=C’'[2A, cost (5+ 6,)f 
= c'l4a? cos” 1(5+6,)| 
1 =C'|4A? cos? 4(Ct)| 
Ls x 2A; a 21, 


and 


I «| 41, cos” 4(Ct) 


Ax=4A>060=2 
-. 1 =C'|4A} cos’ 4(7 +Ct)| 


and att=0, J = 0.i.e., the waves interfere 


destructively. 


A spreadsheet program to calculate the intensity at point P as a function of time for a zero 
path difference and a path difference of / is shown below. The constants and cell 


formulas used are shown in the table. 


Cell Content/Formula Algebraic Form 
Bl 1 C 
B7 B6+0.1 t+At 
C6 COS($B$6*B6/2)A2 cos? 4(Ct) 
D6 | COS($B$6*B6/2-PI()/2)A2 cos” L(x oe Ct) 
A B C D 
1 C=|1 s! 
z 
3 
4 t I I 
) (s) (W/mA2) (W/mA2) 
6 0.00 1.000 0.000 
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7 0.10 0.998 0.002 
8 0.20 0.990 0.010 
9 0.30 0.978 0.022 
103 9.70 0.019 0.981 
104 9.80 0.035 0.965 
105 9.90 0.055 0.945 
106 10.00 0.080 0.920 


The solid curve is the graph of cos” 1(Ct) and the dashed curve is the graph of 
cos’ +(7+Ct). 


1.0 


0.8 A . 


‘ t 
path diff = 0 


o 
fo) 


= = = path diff = 
lambda/2 


I (Wim)2) 


o 
i 


0.2 


t (s) 
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Picture the Problem We can differentiate the sum of the two wave functions to find the 
velocity of a segment dx of the string. We can find the kinetic energy of this segment 
from dK = 4v,dm = +4 w;dx and integrate this expression from 0 to L to find the total 


kinetic energy of the resultant wave. 
(a) Express the resultant wave function: 
y, (x, t) =y, (x, t)+ Yo (x, t) = A,cosa,tsink,x+ A, cos @,t sin k,x 


Differentiate this expression with respect to t to find vy: 


vy (x,t) = <I cos @,tsink,x+ A, cos@,t sink,x| 


= | —@,A, sin g,t sin k,x —@,A, sin @,t sink,x 
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(b) Express the kinetic energy of a segment of the string of length dx and mass dm: 


dK =4v-dm = 4 wedx = 4 u(@,A sin @tsink,x + @,A, sin @,t sin k,x) dx 


t ar A? sin’ @tsin® k,x+2@,0,A,A, sin @,tsin k,xsin w,tsin k,x 


+@;A; sin’ @,tsin® k,x|dx 


(c) Integrate dK from 0 to L to obtain: 
L 
K=14 fora sin’ wt sin* k,xdx 
2 H| @, 1 1 
0 
L 
+5 hl | 20,0,AA, sin ,t sin k,xsin @,t sin k,xdx 
0 
L 
1 2n2—2 2 +2 
+ sul @; A, sin* @,t sin“ k,xdx 
0 
F 1 
=1 ya, A, sin’ at | sin’ n, — xdx 
‘ L 
L 
; : Bi a Ms tens on IE 
+ 0,0,A,A, sin a,t sin a,t | sin n, 7a xsinn, r xdx 
0 


L 
1 Dip Dae ~ 2 7 
+3 a; A; sin ont] sin ee ee 
0 


(4 La, A; sin® ot (4L) + (ua,0,A,A, sina,tsin @,t)(0),,.., 
+ (4a? A? sin? @,t (4 L) 


=| 1 2 NA? cin? 1 2 N2 oin2 
=| mo, A; sin’ at +4ma@;A, sin” o,t 


2K ohn 2A? wren 2 _ 
Note that, from Problem 92: -mq@, A; sin* wt +4m@;A,; sin’ o,t = K,+ K, 
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Picture the Problem We can use the relationship K.,,,, =1mq@*A* from Problem 92 to 


express the maximum kinetic energy of the wire and v = fA and v = ,/F/y to find an 


a 


2 
from Problem 15-120 to 
xX 


AU 
expression for @. In part (d) we’ll use Ae wiF 


determine where the potential energy per unit length has its maximum value. 


(a) From Problem 92 we have: Kae =rMo’ A” (1) 
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Express @, in terms of f): 


Relate f, to the speed of transverse 
waves on the wire and the 
wavelength of the fundamental 
mode: 

Express the speed of the transverse 
waves on the wire in terms of the 
tension in the wire: 


Substitute and simplify to obtain: 


Substitute for @, and f; in equation 
(1) to obtain: 


Substitute numerical values and 
evaluate Kinax: 


(b) Express the wave function for a 
standing wave in its first harmonic: 


At the instant the transverse 
displacement is given by 
(0.02 m) sin (2x/2): 


(c) dK is a maximum where the 
displacement of the wire is greatest; 
Le., at its midpoint: 


(d) From Problem 15-120: 


Express the condition on dy/Ox that 


maximizes AU/Ax: 


Vv Vv 


ha "or 


where L is the length of the wire. 


F | FL 
y= —_— = — 
a m 


AmL AL 
ee (2x10 m) 
nee AC) 
=| 19.7mJ 
y,(x,t)= A, sink,xcos a, (2) 


cosat=1> at=0 


x=iL=1(2m)=|1.00m 
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Differentiate Oy 0 . 
y,(x,t) = A, sin k,x cos at with ox = (A sin k,xcos at) 
respect to x and set the derivative = k,A,cosk,xcosa,t 
equal to zero for extrema: =0 
or 
cos k,x = 0 
Solve for k,x and then x: kx _7 
2 
and 
a ee eee 
“Ok, 22m) 4 =4(21) 


=1(2m)=/1.00m 


ie., the potential energy per unit length is a 
maximum at the midpoint of the wire. 


Remarks: In part (d) we’ve shown that AU/Ax has an extreme value at x = 1 m. To 
show that AU/Ax is a maximum at this location, you need to examine the sign of the 
2" derivative of y,(x,t) at this point. 
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(a) A spreadsheet program to evaluate f(x) is shown below. Typical cell formulas used are 
shown in the table. 


Cell Content/Formula Algebraic Form 
A6 A5+0.1 x+ Ax 
B4 2*B3+1 2n+1 
BS (-1)\B$3*COS(B$4*$A5) 4. (-1)" cos((2n+1)x) 
/B$4*4/PI() by 
Te 0 2n+1 
C5 | B5+(-1)\C$3*COS(C$4*$A5) | 4. (-1)" cos((2n +1)x) 
IC$4*4/P 10) ee 
ar 2n+1 
A B C D K L 
1 
2 
3 0 1 2 9 10 
4 1 3 ) 19 21 
) 0.0 | 1.2732 | 0.8488 | 1.1035 0.9682 | 1.0289 
6 0.1 | 1.2669 | 0.8614 | 1.0849 1.0134 | 0.9828 
7 0.2 | 1.2479 | 0.8976 | 1.0352 1.0209 | 0.9912 
8 0.3 | 1.2164 | 0.9526 | 0.9706 0.9680 | 1.0286 
9 0.4 | 1.1727 | 1.0189 | 0.9130 1.0057 | 0.9742 
10 0.5 | 1.1174 | 1.0874 | 0.8833 1.0298 | 1.0010 
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130 | 12.5 | 1.2704 | 0.8544 | 1.0952 0.9924 | 1.0031 
131 | 12.6 | 1.2725 | 0.8503 | 1.1013 0.9752 | 1.0213 
132 | 12.7 | 1.2619 | 0.8711 | 1.0710 1.0287 | 0.9714 
133 | 12.8 | 1.2386 | 0.9143 | 1.0141 1.0009 | 1.0126 
134 | 12.9 | 1.2030 | 0.9740 | 0.9493 0.9691 | 1.0146 
135 | 13.0 | 1.1554 | 1.0422 | 0.8990 1.0261 | 0.9685 


The solid curve is plotted from the data in columns A and B and is the graph of f(x) for 1 
term. The dashed curve is plotted from the data in columns A and F and is the graph of 
f(x) for 5 terms. The dotted curve is plotted from the data in columns A and K and is the 
graph of f(x) for 10 terms. 


(b) Evaluate f(2 7) to obtain: cos2z cos 3(27) 


4 
f (22) = 4 ji 
| 0s 7) _.) 


fs) 


4 111 
=—| ]-—+ +... 
{ 3.5 7 


=1 
which is equivalent to the Liebnitz 
formula. 
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(a) A spreadsheet program to evaluate f(x) is shown below. Typical cell formulas used are 
shown in the table. 


Cell Content/Formula Algebraic Form 
A6 A5+0.1 NAN 
B4 2*B3t1 2n+1 
B5 (-1)4$B$3*sin($B$4*A5)/ 4 y (- 1)" sin(2n +1)x 
B$4)\2*4/PI 
iat 0 a“ (2n+1/ 
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C5 | BS+((-1)$C$3*sin($C$4*A5)/ 4 r (-1)' sin(2n +1)x 
C$4)A2*4/PI ey a a 
($C) 0 a= (2n+1) 
A B (é D K L 
1 
2 
3 0 1 2 9 10 
4 1 3 5 19 21 
5 0.0 0.0000 | 0.0000 | 0.0000 0.0000 | 0.0000 
6 0.1 0.1271 | 0.0853 | 0.1097 0.0986 | 0.1011 
7 0.2 0.2530 | 0.1731 | 0.2159 0.2012 | 0.1987 
8 0.3 0.3763 | 0.2654 | 0.3163 0.3004 | 0.3005 
9 0.4 0.4958 | 0.3640 | 0.4103 0.3983 | 0.4008 
10 0.5 0.6104 | 0.4693 | 0.4998 0.5011 | 0.4985 
72 6.7 0.5155 | 0.3812 | 0.4256 0.4153 | 0.4171 
73 6.8 0.6291 | 0.4877 | 0.5146 0.5183 | 0.5154 
74 6.9 0.7365 | 0.6005 | 0.6034 0.6171 | 0.6182 
75 7.0 0.8365 | 0.7181 | 0.6963 0.7148 | 0.7166 
76 7.1 0.9282 | 0.8380 | 0.7968 0.8183 | 0.8155 
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Graphs of f(x) for 1, 5, and 10 terms are shown below. Note that there is little difference 
between the graphs for 5 terms and 10 terms of this triangular wave function. 
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Picture the Problem From the diagram above, the nth echo will reflect n — 1 times going 
out, and the same number of times going back. If we "unfold" the ray into a straight line, 
we get the representation shown below. Using this figure we can express the distance d,, 
traveled by the nth echo and then use this result to express the time delay between the nin 
and n + 1, echoes. The reciprocal of this time delay is the frequency corresponding to the 


nth echo. 
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~= jl ~ 


(a) Apply the Pythagorean theorem = 4)2,2 , 72 
to the right triangle whose base is L, d, = 2f4(n se | 
whose height is 2(n — 1), and whose 

hypotenuse is d,, to obtain: 


Express the time delay between the d 
Ny and n + 1,, echoes: 


Substitute to obtain: 2 
At, = “( Qnyre+L 
Vv 


= [2(-1)'r? +2) 


A spreadsheet program to calculate At, as a function of n is shown below. The constants 
and cell formulas used are shown in the table. 


Cell Content/Formula Algebraic Form 
Bl 90 L 
B2 1 r 
B3 340 Cc 
B8 B7+1 nt+1 
C7 2/$B$3*((2*(B7-1) At, 
*$B$2)\2+$B$142)10.5 
A B C D 
1 L= | 90 m 
2 r= |1 m 
3 c= | 340 m/s 
4 
5) 
6 n t(n) delta t(n) 
Z 1 0.5294 0.0001 
8 2 0.5295 0.0004 
9 3 0.5299 0.0007 
10 4 0.5306 0.0009 
11 5 0.5315 0.0012 
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202 196 2.3544 0.0115 
203 197 2.3659 0.0115 
204 198 2.3773 0.0115 
205 199 2.3888 0.0115 
206 200 2.4003 0.0115 


The graph of At, as a function of n shown below was plotted using the data from 
columns B and D. 


0.012 


0.010 


0.008 


0.006 


Delta+(n) 


0.004 


0.002 


0.000 


The frequency heard at any time is 1/At,,, so because At, increases over 


Cc 
©) time, the frequency of the culvert whistler decreases. 
The highest frequency corresponds 1 
to n= 1 and is given by: f highest — At. 
1 

Substitute for At, to obtain: f 1. Vv 

highest ~~ ~ 

At, (ayn +-VE) 

Substitute numerical values and 340 m/s 
evaluate faighest? f, highest. — 


2 4(amy + +(90m)’-90m) 


=| 7.65kHz 


The lowest frequency end can be found by examining the limit of At, as n — oo: 


lim,,,.. At, = lim,,,., ey ) fr? zi 2(n- 1) ) fr? acai) 
2(n- 1) 


ae aE n= ye) ee 
Vv 
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Express flowest in terms of At..: f Pome eaeeen 3 
lowest At, 4r 
Substitute numerical values and 340 m/s 


85.0 Hz 


evaluate flowest! Prowest = 4(1m) 


Chapter 17 
Temperature and the Kinetic Theory of Gases 


Conceptual Problems 


*1 Ps 
(a) False. If two objects are in thermal equilibrium with a third, then they are in thermal 


equilibrium with each other. 


(6) False. The Fahrenheit and Celsius temperature scales differ in the number of intervals 
between the ice-point temperature and the steam-point temperature. 


(c) True. 


(d) False. The result one obtains for the temperature of a given system is thermometer- 


dependent. 


2 e 
Determine the Concept Put each in thermal equilibrium with a third body; e.g., a 
thermometer. If each body is in thermal equilibrium with the third, then they are in 


thermal equilibrium with each other. 
3 e 
Picture the Problem We can decide which room was colder by converting 20°F to the 


equivalent Celsius temperature. 


Using the Fahrenheit-Celsius conversion, t, = &(t, -32°) = 8(20°-32°) 


convert 20°F to the equivalent Celsius = —6.67°C 
temperature: so| Mert's room was colder. 
4 eo 


Picture the Problem We can apply the ideal-gas law to the two vessels to decide which 
of these statements is correct. 


Apply the ideal-gas law to the PV, =N,KT, 
particles in vessel 1: 


Apply the ideal-gas law to the PV, =N,kT, 
particles in vessel 2: 


Divide the equation for vessel 1 by de ties NT, 
the equation for vessel 2: BY, Nok, 
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. . N. 
Because the vessels are identical and ee ee N,=N, 
are at the same temperature and N, 


pressure: (a)is correct. 


5 eo 
Determine the Concept From the ideal-gas law, we have P = nRT/V. In the process 


depicted, both the temperature and the volume increase, but the temperature increases 
faster than does the volume. Hence, the pressure increases. 


*6 ee 
Determine the Concept From the ideal-gas law, we have V =nRT/P. In the 


process depicted, both the temperature and the pressure increase, but the pressure 
increases faster than does the temperature. Hence, the volume decreases. 


7 e 
True. The kinetic energy of translation K for n moles of gas is directly proportional to the 
absolute temperature 7 of the gas (K = 3nkT ). 


8 e 
Determine the Concept We can use V,,,, = ./3R7/M to relate the temperature of a gas 


to the rms speed of its molecules. 


Express the dependence of the rms 3RT 
Va. =4{—— 

speed of the molecules of a gas on me M 

their absolute temperature: 


where R is the gas constant, / is the molar 
mass, and 7 is the absolute temperature. 


Because v,,,, © v7’, the temperature must be quadrupled in order 


to double the rms speed of the molecules. 


9 e 
Picture the Problem The average kinetic energy of a molecule, as a function of the 
temperature, is given by K,, = 4kT and the pressure, volume, and temperature of an ideal 


gas are related according to PV = NAT. 


Express the average kinetic energy Ky = 2kT 
of a molecule in terms of its 
temperature: 
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From the ideal-gas law we have: PV = NAT 
Eliminate kT between these K = 3PV 
equations to obtain: “ 2N 


If Pis doubled at constant V, K,, increases by a factor of 2. 
If V is doubled at constant P, K,, increases by a factor of 2. 


10 oo 
Picture the Problem We can express the rms speeds of the helium atoms and the 


methane molecules using v.,,, =/3RT/M. 


Express the rms speed of the 3RT 
| (He) Sf 
helium atoms: ve M ue 
Express the rms speed of the 3RT 
‘ : . Vins (CH,) = 
methane molecules: Mo 
Divide the first of these equations Vine(He) M cu, 
by the second to obtain: v (CH,) 7 \ M, 
Use Appendix C to find the molar a (He) _ /16g/mol _ 
masses of helium and methane: Vins (CH,) - \ 4g/mol 7 


and | (b) is correct. 


11 

False. Whether the pressure changes also depends on whether and how the volume 
changes. In an isothermal process, the pressure can increase while the volume decreases 
and the temperature is constant. 


12 

Determine the Concept For the Celsius scale, the ice point (0°C) and the boiling point of 
water at 1 atm (100°C) are more convenient than 273 K and 373 K; temperatures in 
roughly this range are normally encountered. On the Fahrenheit scale, the temperature of 
warm-blooded animals is roughly 100°F; this may be a more convenient reference than 
approximately 300 K. Throughout most of the world, the Celsius scale is the standard for 
nonscientific purposes. 
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*13 
Determine the Concept Because 10’ >> 273, it does not matter. 


14 = 
Determine the Concept The average speed of the molecules in an ideal gas depends on 


the square root of the kelvin temperature. Because v,, oC lt , doubling the temperature 


while maintaining constant pressure increases the average speed by a factor of gs 


(d) is correct. 


15 ° 
Determine the Concept From the ideal-gas law, we have PV = nRT. Halving both the 


temperature and volume of the gas leaves the pressure unchanged. | (b) is correct. | 


16s 
Determine the Concept The average translational kinetic energy of the molecules of an 
ideal gas is given by K = 3 NkT =2nRT. The temperature of the ideal gas is related to 


the pressure of the gas. | (d) is correct. | 


17 
Determine the Concept The only conclusion we can draw from the information that the 
vessel contains equal amounts, by weight, of helium and argon is that the temperatures of 


the helium and argon molecules are the same. | (d@) is correct. 


18 oo 

Determine the Concept The two rooms are in thermal equilibrium and, because they are 
connected, the air in each is at the same pressure. Because P = Nk7/V, and the volume of 
each room is identical, N47, = Ng7p, so the cooler room (A) has more air in it. 


19 « 
Determine the Concept The rms speed of an ideal gas is given by v,,,, =./3RT/M and 


its average kinetic energy by K,, = 4k7. Because the gases are at the same temperature, 


their average kinetic energies are the same. Because v,,, = ./3RT/M, the rms speeds 


are inversely proportional to the square root of the molecular masses. 


20 eo 

Determine the Concept The pressure is a measure of the change in momentum per 
second of a gas molecule on collision with the wall of the container. When the gas is 
heated, the average velocity, the average momentum, and pressure of the molecules 


increase. 
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*21 ee 

Determine the Concept Because the temperature remains constant, the average speed of 
the molecules remains constant. When the volume decreases, the molecules travel less 
distance between collisions, so the pressure increases because the frequency of collisions 


increases. 


22 oo 
Picture the Problem The average kinetic energies of the molecules are given by 
K.= (2 mv" ). = 3kT. Assuming that the room’s temperature distribution is uniform, 


av 2 
we can conclude that the oxygen and nitrogen molecules have equal average kinetic 
energies. Because the oxygen molecules are more massive, they must be moving slower 


than the nitrogen molecules. | (b) is correct. 


23. ee 
Determine the Concept The average molecular speed of He gas at 300 K is about 1.4 
km/s, so a significant fraction of He molecules have speeds in excess of earth’s escape 
velocity (11.2 km/s). Thus, they "leak" away into space. Over time, the He content of the 
atmosphere decreases to almost nothing. 


Estimation and Approximation 


*24 

Picture the Problem Assuming the steam to be an ideal gas at a temperature of 373 K, 
we can use the ideal-gas law to estimate the pressure inside the test tube when the water is 
completely boiled away. 


Using the ideal-gas law, relate the P NkT 
pressure inside the test tube to its V 
volume and the temperature: 


Relate the number of particles N to fmt a M 
the mass of water, its molar mass M, N Ny 
and Avogadro’s number Na: 
Solve for N: a Na 
M 
Relate the mass of 1 mL of water to m= pV = (10° kg/m° fro m’)= 1g 


its density: 


Substitute for m, Na, and M (18 v=( pee x 10” particles/mol 
g/mol) and evaluate N: 7 18 g/mol 


= 3.35 x10” particles 
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Substitute numerical values and evaluate P: 


p _ (3:35%10” particles (1.381% 10” J/K (373K) 
10x10°° m? 
latm 
1.01x10° N/m? 


=172x10° N/m? x 


=| 171latm 


25 eee 

Picture the Problem We can find the escape temperatures for the earth and the moon by 
equating, in turn, 0.15v, and vm; of O2 and H». We can compare these temperatures to 
explain the absence from the earth’s upper atmosphere and from the surface of the moon. 


(a) Express Vims for Oo: 3RT 
Vins =4{——— 
rms M 


where R is the gas constant, T is the 
absolute temperature, and // is the molar 
mass of oxygen. 


Equate 0.15v, and Vims: 3RT 
0.15 Zone = ae 
cae 045¢eR, ,M 
Solve for 7 to obtain: T= 0 “a (1) 


Evaluate T for O2: _ 0.045(9.81m/s* )(6.37 x 10° m) 


3(8.314J/mol - K) 
x (32x10 kg/mol) 
=| 3.61x10°K 


(6) Substitute numerical values and Te 0.045(9.81m/s?)(6.37 x10° m) 
evaluate T for H>: 3(8.314J/mol . K) 


x (2 x10° kg/mol) 


- [EK] 


H, molecules escape. Therefore, the more 


T 


If Vo eve OFT 2257 a3 
(c) 
energetic H, molecules escape from the upper atmosphere. 
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(d) Express equation (1) at the zs 0.0452) oon/®moon 


moon 


T 


surface of the moon: 3R 
7 0.045(1 S earth VRenoonV 
7 3R 
— 0.00252.) RmoonM 
R 


Substitute numerical values and evaluate T for O>: 


_ 0,0025(9.81mv/s? )(1.738 x 10° m)(32 x 10 kg/mol) 


=| 164K 
8.314J/mol-K 164K | 


T 


Substitute numerical values and evaluate 7 for H>: 


ie 0.0025(9.81m/s*)(1.738 x 10° m)(2x10™ kg/mol) _ 


8.314J/mol-K 


1319 


If we assume that the temperature on the moon with an atmosphere would 


have been approximately 1000 K, then allO.,, and H, would have 
escaped during the time since the formation of the moon to the present. 


26 eo 


Picture the Problem We can use v,,,, = ./3R7/M to calculate the rms speeds of H2, O», 
and CO, at 273 K and then compare these speeds to 20% of the escape velocity on Mars 


to decide the likelihood of finding these gases in the atmosphere of Mars. 


Express the rms speed of an atom as 3RT 
a function of the temperature: Yims = M 
(a) Substitute numerical values and _ 3(8.314 J/mol- K)(273 K) 
evaluate Vim; for H>: Yims.H2 = 2x10° kg/mol 
=| 1.85km/s 
(b) Evaluate Vjm; for Oo: ye 3(8.314 J/mol - K)(273K) 
ee 32 x10 *kg/mol 


-[s5im 
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(c) Evaluate Vims for CO>: : _ [3(8.314J/mol -K)(273K) 
ae 44x10 °kg/mol 


=| 393m/s 


(d) Calculate 20% of Vesc for Mars: v=tv.. = 165 km/s) =1km/s 


Because v is greater than v,,,, for CO., and O, but less than v,,, for H, 
O, and CO,, but not H,, should be present. 


#27 0 
Picture the Problem We can use v,,,, = ./3R7/M to calculate the rms speeds of H», On, 


and CO, at 123 K and then compare these speeds to 20% of the escape velocity on Jupiter 
to decide the likelihood of finding these gases in the atmosphere of Jupiter. 


Express the rms speed of an atom as 3RT 
a function of the temperature: rms M 


(a) Substitute numerical values and 3(8.314 J/mol- K )(123K 
evaluate Vims for Ho: Yims, ita ~ 2x10’ kg/mol 
=| 1.24km/s 


(b) Evaluate vims for Oo: _ /3(8.314J/mol - K )(123K) 
icici 32 x10* kg/mol 


- [310m] 


(c) Evaluate Vims for CO»: _ [3(8.314J/mol-K)(123K) 
ee: 44x 10° kg/mol 


- [264i] 


(d) Calculate 20% of Vesc for Jupiter: V = V ese = (60 km/s) =12km/s 


Because v is greater than v,,,, forO,, CO,, and H,, O,,CO,, and H, should 


be found on Jupiter. 
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Temperature Scales 


28 
Picture the Problem We can convert both of these temperatures to the Fahrenheit scale 
and then express their difference to find the range of temperatures. 


Solve the Fahrenheit-Celsius tp = 2, +32° 
conversion equation for the 
Fahrenheit temperature: 


Find the Fahrenheit equivalent of tp = a(- 12°) + 32° =10.4° 
—12°C: 

Find the Fahrenheit equivalent of t= a(- 7”) + 32° =19.4°F 
—7°C: 

The difference between these two Range = 19.4°F —10.4°F 


temperatures is the range on the —|9.00F° 


Fahrenheit scale: 


Remarks: We could take advantage of the fact that 9 F° = 5 C° to arrive at the 
aforementioned result in which the range of Celsius temperatures happens to be 5C°. 
If the temperature difference were other than 5C°, we could set up a proportion to 
quickly find the range on the Fahrenheit scale. 


29 
Picture the Problem We can use the Fahrenheit-Celsius conversion equation to find this 
temperature on the Celsius scale. 


Convert 1945.4°F to the equivalent t, = 8(t, —32°)= 5(1945.4° — 32°) 
Celsius temperature: —11063°C 
*30 °¢ 


Picture the Problem We can use the Fahrenheit-Celsius conversion equation to express 
the temperature of the human body on the Celsius scale. 


Convert 98.6°F to the equivalent to, = 8(t, —32°)= $(98.6° — 32°) 


Celsius temperature: -| 37.0°C 
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31 

Picture the Problem While we could use 
Equation 17-1 to relate the Celsius 
temperature to the length of the column of 
mercury in the thermometer, an alternative 
solution is to use the diagram to the right to 
set up a proportion that will relate the 
Celsius temperature to the calibration 
temperatures and to the lengths of the 
mercury column. 


Using the diagram, set up a 
proportion relating the temperatures 
to the lengths of the column of 


mercury: 


Solve for and evaluate L;: 


(a) Substitute 22.0°C for ¢, and 
evaluate L;: 


(5) Substitute 25.4 cm for Z, and 
evaluate ¢,: 


32 


LT OS SS SS SS ~ Lioo 
t. + I . 
oc— + a 
.-0C = -L, 


100°C —0°C Lig — Ly 


_ atin a) gp 
: 100° : 

_ t.(24.0cm - 4.0cm) 
7 100° 


= #{20.0em) | 4 Jom 


100° 


+4.0cm 


i. (22.0°C)(20.0cm) 
100° 


-[Bavem | 


as 25.4cm — 4.0cm 
. 20cm 


=| 107°C 


+4.0cm 


x 100° 


Picture the Problem We can use the temperature conversion equations 
tp = 2t,+32° and tf, = T —273.15K to convert 10’ K to the Fahrenheit and Celsius 


temperatures. 


Express the kelvin temperature in terms 
of the Celsius temperature: 


T =t,+273.15K 
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(a) Solve for and evaluate fc: 


(b) Use the Celsius to Fahrenheit 
conversion equation to evaluate fp: 


330 2=« 

Picture the Problem While we could 
convert 77.35 K to a Celsius temperature 
and then convert the Celsius temperature 
to a Fahrenheit temperature, an alternative 
solution is to use the diagram to the right 
to set up a proportion for the direct 
conversion of the kelvin temperature to its 
Fahrenheit equivalent. 


Use the diagram to set up the 
proportion: 


Solve for and evaluate ff: 


34 
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{=F —27315K =10’ K~273.15K 


10’K 
t, = 2(10’°C)+32° = 


Q 


F K 
212 373.15 
32 273.15 
oe eee 77.35 
32°F-t, _ 273.15K—77.35K 
212°F-32°F 373.15K — 273.15K 
or 
32°F-t, 195 
180F° 100 


ge. 15 — " 
t, =32 Sep =| —319°F 


Picture the Problem We can use the fact that, for a constant-volume gas thermometer, 


the pressure and absolute temperature are directly proportional to calibrate the given 
thermometer; i.e., to find the constant of proportionality relating P and 7. We can then 


use this equation to find the temperature corresponding to a given pressure or the pressure 


corresponding to a given temperature. 
Express the direct proportionality 
between the pressure and the 


temperature: 


Use numerical values to evaluate C: 


P=CT 
where C is a constant. 


_P _ 0.400 atm 


T 273.15K 
= 1,464x10° atm/K 
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Substitute to obtain: P=(1.464x10°atm/K)T (a) 
or 
T = (682.9K/atm)P (2) 
(a) Use equation (2) to find the T= (682.9 K/ atm )(0.1atm) 
temperature: —| 68.3K 
(b) Use equation (1) to find the P= (1.464x10° atm/K) 
boiling point of sulfur: x (444.6 #97394 5)K 


- [1.0500 


*35 9 

Picture the Problem We can use the information that the thermometer reads 50 torr at 
the triple point of water to calibrate it. We can then use the direct proportionality between 
the absolute temperature and the pressure to either the pressure at a given temperature or 
the temperature for a given pressure. 


Using the ideal-gas temperature scale, TH 273.16K p= 273.16K P 
relate the temperature to the pressure: i 50 torr 

= (5.463K/torr )P 
(a) Solve for and evaluate P when P =(0.1830 torr/K)T 


=( 
T = 300K: = (0.1830 torr/K )(300K) 


- [51500] 


(b) Find T when the pressure is 678 torr: T= (5.463 K/ torr)(678 torr) 


=| 3704K 


36° 

Picture the Problem We can use the equation for the ideal-gas temperature scale to 
express the temperature measured by this thermometer in terms of its pressure and the 
given data to calibrate the thermometer. 


Write the equation for the ideal-gas TH 273.16K P 
temperature scale: fa 
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(a) Solve for and evaluate the ae 273.16K pe 273.16K (30 torr) 
thermometer’s triple-point pressure: T 373K 

=| 22.0 torr 
(b) Substitute for P3 in Equation 17-4: Te 273.16K P= 273.16K (0.175torr) 


7 22.0 torr 7 22.0 torr 
=|2.17K 


37 
Picture the Problem We can find the temperature at which the Fahrenheit and Celsius 


scales give the same reading by setting ¢; = ¢- in the temperature-conversion equation. 


Set ty = tc in t, = S(t, —32°): ps3 (R= 32} 


Solve for and evaluate fg: t. =t, =| —40.0°C |=] —40.0°F 


Remarks: If you’ve not already thought of doing so, you might use your graphing 


calculator to plot tc versus tg and t; = tc (a straight line at 45°) on the same graph. 
Their intersection is at (—40, —40). 


38s 

Picture the Problem We can use the Celsius-to-absolute conversion equation to find 371 
K on the Celsius scale and the Celsius-to-Fahrenheit conversion equation to find the 
Fahrenheit temperature corresponding to 371 K. 


Express the absolute temperature as T=t,+273.15K 
a function of the Celsius 
temperature: 
Solve for and evaluate fc: t. =T -—273.15K 
= 371K — 273.15K =| 97.9°C 
Use the Celsius-to-Fahrenheit tp = $f, +32°= 3(97.9°) +32° 
conversion equation to find ¢¢: —| 208°F 
39 ° 


Picture the Problem We can use the Celsius-to-absolute conversion equation to find 90.2 
K on the Celsius scale and the Celsius-to-Fahrenheit conversion equation to find the 
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Fahrenheit temperature corresponding to 90.2 K. 


Express the absolute temperature as a 
function of the Celsius temperature: 


Solve for and evaluate fc: 


Use the Celsius-to-Fahrenheit 
conversion equation to find ¢;: 


40 °* 

Picture the Problem We can use the 
diagram to the right to set up proportions 
that will allow us to convert temperatures 
on the Réaumur scale to Celsius and 
Fahrenheit temperatures. 


Referring to the diagram, set up a 
proportion to convert temperatures on 
the Réaumur scale to Celsius 
temperatures: 


Simplify to obtain: 

Referring to the diagram, set up a 
proportion to convert temperatures on 
the Réaumur scale to Fahrenheit 


temperatures: 


Simplify to obtain: 


*AL eco 


T =t,+273.15K 


t. = T —273.15K 
= 90.2K —273.15K =| -183°C 


ty = $t,+32° = 2(-183°)+32° 


=| —297°F 


100° -212° 80° 


t--0°C tz -O°R 
100°C-0°C 80°R-0°R 


be ta 
— =— ort. =| 1.25¢ 
100 80 Cc 


t,-32°F _ t,-0°R 
212°F-32°F 80°R-0°R 


Picture the Problem We can use the temperature dependence of the resistance of the 


thermistor and the given data to determine Rp and B. Once we know these quantities, we 
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can use the temperature-dependence equation to find the resistance at any temperature in 


the calibration range. Differentiation of R with respect to 7 will allow us to express the 


rate of change of resistance with temperature at both the ice point and the steam point 


temperatures. 

(a) Express the resistance at the ice 
point as a function of temperature of 
the ice point: 

Express the resistance at the steam 
point as a function of temperature of 


the steam point: 


Divide equation (1) by equation (2) 
to obtain: 


Solve for B by taking the logarithm 
of both sides of the equation: 


Solve equation (1) for Rp and 
substitute for B: 


(6) From (a) we have: 


Convert 98.6°F to kelvins to obtain: 


Substitute to obtain: 


(c) Differentiate R with respect to T 
to obtain: 


7360Q = R,e???* (1) 


153Q = R,e®?"* (2) 
7360Q = Ag 10 = @b/273K-B/373K 
1530 
andes pre 
o73° 373 
and 
poe leone K 
ee K7 
273 373 
_ 73602 


= (7360Q)e*77* 


0” B/273K 
e 


= (7360 Qe ey K/273K 


=| 3.97x10°QO 


R =(3.97x107 Q)e*2" 8" 


T =310K 


R= (3.97 x 10° C) aa K/310K 


-[13ik] 
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Evaluate dR/dT at the ice point: [ dR ) es (7360 Q)(3.94 x 10° K) 
BL Jp (273.16K) 
=| —3890/K 
Evaluate dR/dT at the steam point: dR _ 530)(3.94 x 10° K) 
aT steam point G2 16 Ky 


-[-EBaTK] 


The thermistor is more sensitive; i.e., it has greater sensitivity at lower 


(4) 


temperatures. 


The Ideal-Gas Law 


42 

Picture the Problem Let the subscript 1 refer to the gas at 50°C and the subscript 2 to 
the gas at 100°C. We can apply the ideal-gas law for a fixed amount of gas to find the 
ratio of the final and initial volumes. 


Apply the ideal-gas law for a fixed BY; fy, 
amount of gas: a : ca 
or, because P2 = P1, 
Vo. 1 
y 4% 
Substitute numerical values and Vy _ (273.15+100)K las 
evaluate V/V; V, (273.15+50)K 1 


43° 
Picture the Problem We can use the ideal-gas law to find the number of moles of gas in 
the vessel and the definition of Avogadro’s number to find the number of molecules. 


Apply the ideal-gas law to the gas: PV =nRT 


Solve for the number of moles of gas — av 
in the vessel: RT 


Substitute numerical values and 
evaluate n: 
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me (4atm)(10L) 
(8.206 x 10° L - atm/mol - K (273K) 
=| 1.79mol 
N=nN, 


Relate the number of molecules NV in 
the gas in terms of the number of 
moles 7: 


Substitute numerical values and evaluate N: 


N =(1.79mol) (6.022 x 10° molecules/mol) = 


44 oe 


1.08 x 10** molecules 


Picture the Problem We can use the ideal-gas law to relate the number of molecules in 


the gas to its pressure, volume, and temperature. 


Solve the ideal-gas law for the number 
of molecules in a gas as a function of 
its pressure, volume, and temperature: 


Substitute numerical values and 
evaluate N: 


45 
Picture the Problem The pictorial 
representation to the right, in which 7 
represents absolute zero, summarizes the 
information concerning the temperatures 
and pressures we are given. We know, 
from the ideal-gas law, that the pressure of 
a fixed volume of gas is proportional to its 
absolute temperature. We can use the 
diagram to set up a proportion relating the 
temperatures and pressures that we can 
solve for To. 


Apply the ideal-gas law to obtain: 


Solve for 7p to obtain: 


or 10° torr )(133.32 Pa/torr ){10° m? 
1.381x 10-* J/K )(300K) 
- [sai] 


T, glips T, klads 


22 —125 


-10 —8.7 


22 glips—T, _ —10glips —T, 
12.5klads 8.7 klads 


T, =| —83.2 glips 
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Remarks: Because the gas is ideal, its pressure is directly proportional to its 
temperature. Hence, a graph of P versus T will be linear and the linear equation 
relating P and T can be solved for the temperature corresponding to zero pressure. 


46 « 

Picture the Problem Let the subscript 1 refer to the tires when their pressure is 180 kPa 
and the subscript 2 to conditions when their pressure is 245 kPa. Assume that the air in 
the tires behaves as an ideal gas. Then, we can apply the ideal-gas law for a fixed amount 
of gas to relate the temperatures to the pressures and volumes of the tires. 


(a) Apply the ideal-gas law for a EY, 7 PV, (1) 
fixed amount of gas to the air in the L T, 
tires: 


; P 
Solve for 7»: = ms because V; = Vo. 


1 


Substitute numerical values to 245 kPa 7 


T, = (265K) 360.7K 
obtain: 180kPa 
=| 87.7°C 
(6) Use equation (1) with PY, P, 
V> = 1.07 V;. Solve for 7»: 1 py, =1:07 rag 


Substitute numerical values and T, =1.07(360.7K) = 385.9K =| 113°C 


evaluate 7>: 


47 
Picture the Problem We can apply the ideal-gas law to find the number of moles of air 
in the room as a function of the temperature. 


(a) Use the ideal-gas law to relate the _ er (1) 


number of moles of air in the room to RT 
the pressure, volume, and temperature 


of the air: 
Substitute numerical values and — (101.3kPa)(90 m*) 
evaluate n: ~ (8.314J/mol: K)(300K) 


=| 3.66x10° mol 
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(6) Letting n’ represent the number 
of moles in the room when the 
temperature rises by 5 K, express 
the number of moles of air that 
leave the room: 


Apply the ideal-gas law to obtain: 


Divide equation (2) by equation (1) 


to obtain: 


Substitute for n’ to obtain: 


Substitute numerical values and 
evaluate An: 


#AB oe 


An=n-n' 
PV 
cae y) 
RT (2) 
—=— and n'=n— 
n 
an=n— nF = rf 1-2 | 
t T' 
An = (3.6610? mol)| 1-22 
305K 


=| 60.0mol 


Picture the Problem Let the subscript 1 refer to helium gas at 4.2 K and the subscript 2 


to the gas at 293 K. We can apply the ideal-gas law to find the volume of the gas at 4.2 K 


and a fixed amount of gas to find its volume at 293 K. 


(a) Apply the ideal-gas law to the 
helium gas and solve for its volume: 


Substitute numerical values to 
obtain: 
Find the number of moles in 10 g of 


helium: 


Substitute for 1 to obtain: 


(6) Apply the ideal-gas law for a 
fixed amount of gas and solve for 


ae NRT, 
Ff 
; (0.08206 L - atm/mol- K)(4.2K) 
* latm 
= (0.3447 L/mol)n 
n= al = 2.5mol 
4g/mol 


V, = (0.3447 L/ mol)(2.5mol) 


-[ 08824 
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the volume of the helium gas at 
293 K: 


Substitute numerical values and 
evaluate V»: 


49 


and, because P; = Po, 
T. 


aah 
V, 229° (oge0t)= 60.1L 
4.2K 


Picture the Problem Because the helium is initially in the liquid state, its temperature 
must be 4.2 K. Let the subscript 1 refer to helium gas at 4.2 K and the subscript 2 to the 
gas at 293 K. We can apply the ideal-gas law for a fixed volume of gas to relate the 


pressure at 293 K to the pressure at 4.2 K and use the ideal-gas law to find the pressure at 


4.2 K. 


Apply the ideal-gas law for a fixed 
amount of gas: 


Solve for its pressure at 293 K: 


Apply the ideal-gas law to the 
helium gas at 4.2 K and solve for its 
pressure: 


Substitute numerical values to 
obtain: 


Find the number of moles in 10 g of 


helium: 


Substitute for 1 to obtain: 


Substitute in equation (1) and 
evaluate P): 


#50 oe 


PV, _ BY, 

T, qT, 

P,= A =p (1) 
VT, q, 


because V; = V5 


_ nT, 
v, 


B 


1 


ay (0.08206 L - atm/mol - K)(4.2K) 
' 6L 
= (0.05744atm/mol)n 


10g 


n= = 2.5mol 
4g/mol 


P, =(0.05744atm/mol)(2.5mol) 
= 0.1436 atm 


p= (0.1436atm)}— =| 10.0atm 


Picture the Problem Let the subscript 1 refer to the tire when its temperature is 20°C 


and the subscript 2 to conditions when its temperature is 50°C. We can apply the ideal- 
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gas law for a fixed amount of gas to relate the temperatures to the pressures of the air in 


the tire. 
(a) Apply the ideal-gas law for a PV, = PV, (1) 
fixed amount of gas and solve for T;, qi 
pressure at the higher temperature: and 
T. 
P=sF 
, 
because V; = Vp 
. . 2 K 
Substitute numerical values to pe 323 (200 kPa +101kPa) 
obtain: 293K 
=332kPa 
and 
P, gauge = 332 kPa —101kPa 
=| 231kPa 
(6) Solve equation (1) for P» with P= VT, P 
V2 = 1.1 V; and evaluate P>: ? Fat } 
23K 
= _ Bee 2000 kPa +101kPa) 
1.1(293K) 
= 302 kPa 
and 


Py gauge = 302 kPa -101kPa =| 201kPa 


51 oo 

Picture the Problem Let Py, and /,, be the number densities (i.e., the number of 
particles per unit volume) of N2 and On», respectively. We can express the density of air in 
terms of the densities of nitrogen and oxygen and their number densities 

aS Pi, = My, Px, + Mo, Po,- By applying the ideal-gas law, we can find the number 
density of air and, using the given composition of air, calculate the number densities of 
nitrogen and oxygen. Finally, we can find the masses of nitrogen and oxygen molecules 
from their atomic masses. Knowing Py,, Po,, My,» and Mo, , we can calculate /,ir. 
Express the density of air in terms of Pair = My, Px, + Mo, Po, (1) 

the densities of nitrogen and oxygen: 


Using the ideal-gas law, relate the 
number density of air N/V to its PV = NkT and 
temperature and pressure: 


3/2 
S| 
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Substitute numerical values and 


evaluate the number density of air: 


Because air is approximately 74% 
N> and 26% Os>: 


Calculate the masses of N» and O» 
molecules: 


Substitute in equation (1) and 
evaluate Pair: 


52 oo 


N 1.01x10° N/m* 


VY (1.381x10-? J/K)(297K) 
= 2.46x10% m= 


Px, = 0.74 = 0.74(2.46 x10 m~*) 


=1.82x10" m7 
and 


Lo, = 0.26 = 0.26(2.46 x10” m-*) 


= 6.40 x10 m®? 


my, = (28u)(1.660 x 107” kg/u) 


= 4.65x 10" kg 
and 
mo, = (32u)(1.660x10~” kg/u) 


=5.31x10- kg 


Puy = (4.65x 10 kg)(1.82x 10? m®) 
+ (5.3110 kg)(6.40x10" m*) 
=| 1.19kg/m° 


Picture the Problem Let the subscript 1 refer to the conditions at the bottom of the lake 


and the subscript 2 to the surface of the lake and apply the ideal-gas law for a fixed 


amount of gas. 


Apply the ideal-gas law for a fixed 


amount of gas: 


Solve for the volume of the bubble 


just before it breaks the surface: 


Find the pressure at the bottom of 
the lake: 


F = Pm + pgh 
=101.3kPa 

+ (10° kg/m’ )(9.81m/s? (40m) 
= 493.7kPa 
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Substitute numerical values and 
evaluate V3: 


53 oo 


(298K )(493.7 kPa) 
(278K)(101.3kPa) 


- [Fase] 


V, = (15cm’) 


Picture the Problem Assume that the volume of the balloon is not changing. Then the 
air inside and outside the balloon must be at the same pressure of about 1 atm. The 
contents of the balloon are the air molecules inside it. We can use Archimedes principle 
to express the buoyant force on the balloon and we can find the weight of the air 


molecules inside the balloon 


Express the net force on the balloon 
and its contents: 


Using Archimedes principle, 
express the buoyant force on the 
balloon: 


Express the weight of the air inside 
the balloon: 


Substitute in equation (1) for B and 
Wair inside the balloon to obtain: 


Express the densities of the air 
molecules in terms of their number 
densities, molecular mass, and 
Avogadro’s number: 


Using the ideal-gas law, relate the 
number density of air N/V to its 


temperature and pressure: 


Substitute to obtain: 


Substitute in equation (2) and 
simplify to obtain: 


net — B ~ Wair inside the balloon (1) 


B= Waisplaced fluid = Maisplaced fluidS 
or 
B = PY vaienZ 


where / is the density of the air outside 
the balloon. 


Wir inside the balloon = P; Wie 
where ,; is the density of the air inside the 
balloon. 


Pag = PoV attoonS = PV sattoon 


(2) 
= (p, Pi awe 


7 aca 
N,V 
PV =N&T and == 
VAT 
Z *(Z| 
N,\AT 


MP; 1 1 
on = s(t -_ Van 
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Assuming that the average molecular weight of air is 29 g/mol, substitute numerical 


values and evaluate F ye! 


(29 g/mol)(1.01x10° N/m?) 


1 1 
™* (6.022 x 10 particles/mol (1.38110 al 297K ad 


x (1.5m*)(9.81m/s?) 


=| 2.56N 


Picture the Problem We can find the number of moles of helium gas in the balloon by 


applying the ideal-gas law to relate 1 to the pressure, volume, and temperature of the 


helium and Archimedes principle to find the volume of the helium. In part (4), we can 


apply the result of Problem 13-95 to relate atmospheric pressure to altitude and use the 


ideal-gas law to determine the pressure of the gas when the balloon is fully inflated. In 
part (c), we’ll find the net force acting on the balloon at the altitude at which it is fully 
inflated in order to decide whether it can rise to that altitude. 


(a) Apply the ideal-gas law to the 
helium in the balloon and solve 
for n: 


Relate the net force on the balloon 
to its weight: 


Use Archimedes principle to 
express the buoyant force on the 
balloon in terms of the volume of 
the balloon: 

Substitute to obtain: 


Solve for the volume of the helium: 


Substitute numerical values and 
evaluate V: 


PV 
430 1 
RT (1) 
Fy = Wein — Woad — Wie = 30N 


F BT Waisplacedair 


= PairV & 


PrirV ~ Wexin ~~ Woad ~ Pu E = 30 N 


_ 30N+w. 


skin 


(Pai a Pre )g 


ay Woad 


Vy 


___ 30N+50N+110N 
(1.298kg/m? - 0.179kg/m*) 
1 


° (9.81m/s?) 


=17.39m° 
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Substitute numerical values in (1 (7 39 3) 1L 
equation (1) and evaluate n: a A ae 10° m? 


n — 
(8.206 x10-* L - atm/mol - K (273K) 


- [77am] 


(b) Using the result of Problem 13- P(h)= Pel” 
95, express the variation in where hy = 7.93 km 
atmospheric pressure with altitude: 


Solve for h: es hr In = (2) 


Neglecting changes in temperature with elevation, apply the ideal-gas law to find the 
pressure at which the balloon’s volume will be 32 m’: 


_nRT _ (776 mol)(8.206 x 107 L - atm/mol K)(273K) 


ota: 1L 


= 0.543 atm 


32m? x 


Substitute in equation (2) and dain 
evaluate h: h= (793k) 2 =| 4.84km 


(c) Express the condition that must be Fit =F a - Wer 29 (3) 
satisfied if the balloon is to reach its 
fully inflated altitude: 


Express Wot: Wot = Woad + Wekin a9 Wue 
=110N+50N+w,, 
=160N+w,, 

Express the weight of the helium: We = Pue/Z 

Substitute for wye and evaluate wi. Wy =160N + p,.Vg 


=160N + (0.179kg/m’)(17.38m’) 
x (9.81m/s’) 
=190.5N 
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Determine the buoyant force on the 
balloon at 4 = 4.84 km: 


Express the dependence of the 


density of the air on atmospheric 
pressure: 


Substitute and evaluate Fp: 


Substitute in equation (3) and 
evaluate Fy: 


Fy = Pair nV Z (4) 
¥ sa = Prairh (5) 
Fa Pair 
or 

—s 
Prair,h P Pair 

P 
Fy = p Pals 


0 


= 0.543(1.293kg/m?)(32m?) 
x (9.81m/s) 
=219.9N 


F, = 219.9N —190.5N = 29.4N 20 


net 


Because F’ 


net 


fullyinflated. 


> 0, the balloon will rise higher than the altitude at which it is 


(d) The balloon will rise until the net force acting on it is zero. Because the buoyant 


force depends on the density of the air, the balloon will rise until the density of the air 


has decreased sufficiently for the buoyant force to just equal the total weight of the 


balloon. 


Substitute equation (5) in equation 
(2) to obtain: 


Using equation (4), find the density 
of the air such that Fp = 190.5 N: 


Substitute numerical values and 
evaluate h: 


h= hy InP 
Paix, h 
F, 190.5N 
Prair,h en a 3 2 
Ve (32m°)(9.81m/s) 
= 0.6068kg/m° 


h= (793m) 


- [E00 


1.293kg/m? 
0.6068kg/m? 


Temperature and the Kinetic Theory of Gases 1339 


Kinetic Theory of Gases 


*55 

Picture the Problem We can express the rms speeds of argon and helium atoms by 
combining PV = nRT and v,,,. = .3RT/M to obtain an expression for v,n5 in terms of 
P, V, and M. 


Express the rms speed of an atom as a 3RT 
function of the temperature: Vrms = M 
From the ideal-gas law we have: RT = PV 
n 
Substitute to obtain: 3PV 
rms —_ nM 


(a) Substitute numerical values and evaluate v,,,, for an argon atom: 


-3 3 
eee | eeadoth sere m ) _[a7emis 


(imol)(40x10*kg/mol) 


(5) Substitute numerical values and evaluate v,,, for a helium atom: 


3(10atm)(101.3kPa/atm) aT m° 
H | 872m/s | 
Vins e)= ( 101)(4 x107 Taal =[ 872mi/s | 


56 


Picture the Problem We can express the total translational kinetic energy of the oxygen 
gas by combining K = +nRT and the ideal-gas law to obtain an expression for K in terms 


of the pressure and volume of the gas. 


Relate the total translational kinetic K =3nRT 
energy of translation to the 
temperature of the gas: 


Using the ideal-gas law, substitute K=3PV 
for nRT to obtain: 


Substitute numerical values and K= 3(101.3 kPa)(10“ m’) = 


evaluate K: 
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57 
Picture the Problem Because we’re given the temperature of the hydrogen atom and 
know its molar mass, we can find its rms speed using v,,., = ./3R7/M and its average 


rms 


kinetic energy from K,, = 37. 


Relate the rms speed of a hydrogen 3RT 
atom to its temperature and molar Yims = M 
mass: 
Substitute numerical values and 3(8. 314J/mol - K)(10” K) 
evaluate Vins! Yims = 10 *kg/mol 
=| 499 km/s 
Express the average kinetic energy K,, =2kT 
of the hydrogen atom as a function 
of its temperature: 
Substitute numerical values and i= 2(1.381x ip /K )(10” K) 
evaluate Kay: 1207x103 


*58 oe 

Picture the Problem Because there are 6 squared terms in the expression for the total 
energy of an atom in this model, we can conclude that there are 6 degrees of freedom. 
Because the system is in equilibrium, we can conclude that there is energy of +7 per 


molecule or +.RT per mole associated with each degree of freedom. 


E 
Express the average energy per atom av N(A kT) _ 6( 1 kT) ~|3kT 
in the solid in terms of its atom 


temperature and the number of 


degrees of freedom: 


Relate the total energy of one mole Fr N (2 RT ) a 6(4 RT ) =| oaT 
to its temperature and the number of mole 


degrees of freedom: 


59 ° 


Picture the Problem We can combine 2 = and PV =nRT to express the 


1 
J2n,x d°* 


mean free path for a molecule in an ideal gas in terms of the pressure and temperature. 
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Express the mean free path of a 
molecule in an ideal gas: 


Solve the ideal-gas law for the 
volume of the gas: 


Substitute in our expression for 7, to 
obtain: 


Substitute in the expression for the 
mean free path to obtain: 


60 eo 


1 
A= 
V2n,x a? 


where 


n,=N/V =mN,/V 


y ORE 
P 
= MNa pu P 
nRT kT 
_ kT 
J2Pxd? 


Picture the Problem We can find the collision time from the mean free path and the 


average (rms) speed of the helium molecules. We can use the result of Problem 43 to find 
the mean free path of the molecules and v,,,, = ./3R7/M to find the average speed of the 


molecules. 


Express the collision time in terms of 
the mean free path for and the average 
speed of a helium molecule: 


Use the result of Problem 43 to 
express the mean free path of the 
gas: 


Substitute numerical values and 
evaluate A: 


Express the average speed of the 


molecules: 


Substitute numerical values and 
evaluate Vims! 


T BE (1) 
Vay 

ga 
J2Prd? 


__(.381x10** /K)(300K) 
2(7 x10" Pa) (10 my 


=1.332x10°m 

y=. [BRT 

rms \ M 

a 3(8.314J/mol - K )(300K) 
mY 4x10 kg/mol 


= 1,368 x10° m/s 
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Substitute in equation (1) and 
evaluate r: 


#61 oe 


1.332x10° m = 
¢=—__—___ =| 9.74x10's 
1.368 x10° m/s | 9.74x10°s. 


Picture the Problem We can use K = 3kT and AU = mgh = Mgh/N, to express the 


ratio of the average kinetic energy of a molecule of the gas to the change in its 
gravitational potential energy if it falls from the top of the container to the bottom. 


Express the average kinetic energy 
of a molecule of the gas as a 
function of its temperature: 


Letting / represent the height of the 
container, express the change in the 
potential energy of a molecule as it 

falls from the top of the container to 
the bottom: 


Express the ratio of K to AU and 
simplify to obtain: 


K _ 3kT _3N,kT 
AU Mgh 2Mgh 
Na 


Substitute numerical values and evaluate K/AU: 


K — 3(6.022x10* ]{1.381x10 J/K )(300K) ; 
—= ee aes =| 7.95x10 
AU 2(32 x 10-*kg}(9.81m/s? )(0.15m) 


The Distribution of Molecular Speeds 


62 eo 


Picture the Problem Equation 17-37 gives the Maxwell-Boltzmann speed distribution. 


Setting its derivative with respect to v equal to zero will tell us where the function’s 


extreme values lie. 
Differentiate Equation 17-37 with 
respect to v: 


fd (2) veto 
dv dv\ Ja \ 2kT 


_ 4 (om YP, me!) 
Va \ 2kT kT | 
TW 
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Set df/dv = 0 for extrema and solve rr kT 
for v: 2v-—_- = 0S v=|./-——_— 
, kT m 


Examination of the graph of f(v) makes it 
clear that this extreme value is, in fact, a 
maximum. See Figure 17-16 and note that 


it is concave downward at v = .f2kT/m. 


Remarks: An alternative to the examination of f(v) in order to conclude that 
v =./2kT/m maximizes the Maxwell-Boltzmann speed distribution function is to 


show that d’f/dv’ < 0 atv = ./2kT/m. 


*63 ee 
Picture the Problem We can show that f(v) is normalized by using the given integral to 
integrate it over all possible speeds. 


Express the integral of Equation 17-37: 7 ee 


a Mm ye [KF yy 
[royw=—4(*) ve a 


0 0 


[o) 


t 4 3/2 [2 -av? 
= d 
J flv ky a | ve Vv 


0 


Let a= m/2kT to obtain: 


Use the given integral to obtain: 


i _ 4 nf vt |G 
Le alee )-@ 
ie., f(v) is normalized. 


64 
Picture the Problem In Problem 63 we showed that /(v) is normalized. Hence we can 


evaluate vay using { vf (v)dv : 
0 


Express the average speed of the _ r ( \d 
molecules in the gas: Yav = J A as 


1344 Chapter 17 


Substitute a = m/2kT : 


Use the given integral to obtain: 


#65 ee 


Voy =a fre "dv 
at 0 
rae at | 
V,y = =a = 
calla eee 


Picture the Problem Choose a coordinate system in which downward is the positive 


direction. We can use a constant-acceleration equation to relate the fall distance to the 


initial velocity of the molecule, the acceleration due to gravity, the fall time, and 
Vins = V3kT/m_ to find the initial velocity of the molecules. 


(a) Using a constant-acceleration 
equation, relate the fall distance to 
the initial velocity of a molecule, the 
acceleration due to gravity, and the 
fall time: 


Express the rms speed of the atom to 
its temperature and mass: 


Substitute numerical values and 
evaluate Vrms: 


Letting Vims = Vo, substitute in 
equation (1) to obtain: 


Solve this equation to obtain: 


(5) If the atom is initially moving 
upward: 


Substitute in equation (1) to obtain: 


y =v,t+tgt? (1) 
ee BkT 
rms. \ m 


3(1.381x 10° J/K )(120nK) 
mV (85.470) (1.660 x10” kg/u) 


=5.92x10° m/s 


0.1m = (5.92 x10° m/s) +4 (9.81m/s?)?? 


t=| 0.142s 


<< 
II 


Vy) =—5.92x10° m/s 


0.1m =(-5.92x10° m/s) 
+4(9.81m/s? }?? 
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Solve this equation to obtain: 


General Problems 


66 ° 


Picture the Problem We can use v,,,, = ./3R7/M to relate the temperature of the H, 


molecule to its rms speed. 


Relate the rms speed of the molecule 
to its temperature: 


Solve for the temperature: 


Substitute numerical values and 
evaluate T: 


67 eo 


3RT 
Vins = a 
M 
T — My... 
3R 


(2x10? kg/mol}(331m/s) 
3(8.314J/mol - K) 


-[B7K | 


Picture the Problem We can use the ideal-gas law to find the initial temperature of the 


gas and the ideal-gas law for a fixed amount of gas to relate the volumes, pressures, and 


temperatures resulting from the given processes. 


(a) Apply the ideal-gas law to 
express the temperature of the gas: 


Substitute numerical values and 
evaluate T: 


(5) Use the ideal-gas law for a fixed 
amount of gas to relate the 
temperatures and volumes: 


Solve for and evaluate 7): 


(c) Use the ideal-gas law for a fixed 
amount of gas to relate the 


pall 
nR 


7 _ (101.3kPa)(10 x10? m*) _ fzaK] 


~ (Imol)(8.314J/mol - K) 


date alo 

TL 7, 
or, because P; = P», 
e 

Tl 7, 

= V, =! = 

(ee ag = 2(122K)=] 244K 
nce 

E ff, 
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temperatures and pressures: or, because VY; = V2, 
cane 
fl 7, 
; T. 
Solve for 7>: P= “2 p 
L, 
350K 
Substitute numerical values and B= (1 atm) —|1.43atm 
evaluate Py: 244K 
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Picture the Problem We can use the definition of pressure to express the net force on 

each wall of the box in terms of its area and the pressure differential between the inside 
and the outside of the box. We can apply the ideal-gas law for a fixed amount of gas to 
find the pressure inside the box. 


Using the definition of pressure, F = AAP 
express the net force on each wall of = A(P ce a ee 
the box: 
Use the ideal-gas law for a fixed PY, _ BV, 
amount of gas to relate the initial i, T, 
and final pressures of the gas: or, because V; = V2, 
RP, 
a: 7 
aac T. 400K 
Solve for and evaluate Pinsiae: D2? pe 0 (1 0 1.3kPa) 
T, 300K 
=135.1kPa 
Substitute and evaluate F: Pe (0.2 m) (135.1kPa ~101.3 kPa) 


=| 1.35kN 
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Picture the Problem We can use the molar mass of water to find the number of moles in 
2 L of water. Because there are two hydrogen atoms in each molecule of water, there 
must be as many hydrogen molecules in the gas formed by electrolysis as there were 
molecules of water and, because there is one oxygen atom in each molecule of water, 
there must be half as many oxygen molecules in the gas formed by electrolysis as there 
were molecules of water. 
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Express the electrolysis of water 
into H2 and O;: 


Express the number of moles in 2 L 
of water: 


Because there is one hydrogen atom 
for each water molecule: 


Because there are two oxygen atoms 
for each water molecule: 
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Picture the Problem The diagram shows 


the cylinder before removal of the 


membrane. We’|l assume that the gases are 
at the same temperature. The approximate 
location of the center of mass (CM) is 
indicated. We can find the distance the 
cylinder moves by finding the location of 
the CM after the membrane is removed. 


Express the distance the cylinder 
will move in terms of the movement 
of the center of mass when the 
membrane is removed: 


Apply the ideal-gas law to both 
collections of molecules to obtain: 


Divide the first of these equations 
by the second to obtain: 


Express the mass of O> in terms of 
its molar mass and the number of 
moles of oxygen: 


n(H,0) =a n(H, )+ n(O,) 


nO) 2S atime 


~ 18g/mol 


ne,) = [ma 


No 0, 
0 CM 10 

Ax = Xom,atter > Xcm,before 
Po Vu, = nN, kT 
and 
Py Yo, = n(O, )kT 

In, = n(N,) 

Py, n(O,) 
or, because Py, = 2F,, ; 

2Fo n(N, ) 

SS N>) = 2n(O 
P, n(O,) => n(N2) n(O2) 


m(QOz) = n(O2)M(O2) 


1347 
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Express the mass of N> in terms of m(N2) = 2n(O2)M(N2). 
its molar mass and the number of 
moles of nitrogen: 


Using its definition, express the center of mass before the membrane is removed: 


Sam alana, 1104) (0,)no, 


cae 2 ~-a(N,)M(N,)+2(0,)M(0,) 
2n(0, )M(N, )renn, + n(O, )M(O, )x 
2n(O, )M(N, )+ n(O, )M(O,) 
_ 2M(N, em, + (O,)x, 
2M(N,)+M(O,) 


cm,O5 


cm,O, 


Substitute numerical values and evaluate Xon before: 


2(10cm)(28g)+ (30cm)(32g) 


x = =17.27cm 
cm, before 2(28g)+ 32¢ 
Locate the center of mass after the P = 2(20cm)(28 g) + (20cm)(32g) 
membrane is removed: ae 2(28 g) +322 
= 20.0cm 
Substitute to obtain: Ax = 20.00cm —17.27cm 


=| 2.73cm 


Because momentum must be conserved during this process and the center of 
mass moved to the right, the cylinder moved 2.73 cm to the left. 
71 oo 


Picture the Problem We can apply the ideal-gas law to the two processes to find the 
number of moles of hydrogen in terms of the number of moles of nitrogen in the gas. 


Using the definition of molar mass, we can relate the mass of each gas to the number of 
moles of each gas and their molar masses. 


Apply the ideal-gas law to the first PV= [2n(N »)+ n(H, \IRT, 
case: 


Apply the ideal-gas law to the 3PV =[2n(N,)+2n(H, )2RT, 
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second case: 
Divide the second of these equations n(H,)= 2n(N A (1) 


by the first and simplify to express 
n(H,) in terms of n(N2): 


Relate the my to n(N2): My = n(N,)M(N,) 
= n(N, )(28g/mol) 
and 
m 
N = N 
Ne g/mol 
Relate the my to n(H2): My = n(H, )M(H,) 
= n(H, )(2g/mol) 
and 
ao 
n( ) 2 g/mol 
Substitute in equation (1) and solve My 2My, Ee gp all Fags 
for my: 2g/mol 28g/mol  “ - 
#72 0 


Picture the Problem Initially, we have 3P)V = noRTp. Later, the pressures in the three 
vessels, each of volume J, are still equal, but the number of moles is not. The total 
number of moles, however, is constant and equal to the number of moles in the three 
vessels initially. Applying the ideal-gas law to each of the vessels will allow us to relate 
the number of moles in each to the final pressure and temperature. Equating this sum 10 
will leave us with an equation in P’ and Py that we can solve for P’. 


Relate the number of moles of gas in Ng =n, +N, +N, 
the system in the three vessels 

initially to the number in each vessel 

when the pressure is P’: 


Relate the final pressure in the first p= n,R(27, 1) — PV 
vessel to its temperature and solve V : 2RT, 
for ny: 

Relate the final pressure in the P'- n,R(3T) _ PV 
second vessel to its temperature and V *-3RT. i. 


solve for no: 
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Relate the final pressure in the third P= n,RT) ee P'V 

vessel to its temperature and solve V > RT, G 

for nz: 

Substitute to obtain: ar é PV * PV 


n, = 
" ORT. BRT. RT 
1 1 ,\PV 11 PV 
=|—+—41 = 
2 3 )RT, 6\ Rf, 


Express the number of moles in the - BBV) 


three vessels initially in terms of the RT, 
initial pressure and total volume: 


Equate the two expressions for 719 ple 18 P 
and solve for P’ to obtain: ld ° 
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Picture the Problem We can use the ideal-gas temperature scale to relate the temperature 
of the boiling substance to its pressure and the pressure at the triple point. If we assume a 
linear relationship between P/P; and P3, we can calibrate this equation using the data from 
any two (or all) of the temperature measurements and then extrapolate this equation to zero 
gas pressure to find the ideal-gas temperature of the boiling substance. 


Using the ideal-gas temperature P 
T = 273.16 K| — (1) 
scale, relate the temperature of the P, 
boiling substance to its pressure and 
the pressure at the triple point: 
Find the temperature of the first 734t 
i peratur ir T -273.164{ = 
measurement: 500 torr 
= 273.16 K(1.4680) 
= 401.00K 
Find the temperature of the third 146.65t 
i peratur in T. -273.64{ = 
measurement: 100 torr 


= 273.16 K(1.4655) 
= 400.59K 
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Assume a linear relationship 
between P/P3 and P3: 


Substitute using the data from the 
first measurement: 


Substitute using the data from the 
third measurement: 


Solve these equations 
simultaneously for a: 


Substitute in equation (1) to obtain: 


#74 00 


P 
—=a+bP, 
P, 


where a is the pressure ratio for P3 = 0. 


734 
ae a +b(500torr) 
900 torr 


or 


1.4680 = a + 5(500 torr) 


1A6-65 tO _ q+ p(LO0 torr) 
100 torr 


or 


1.4665 = a +b(100 torr) 


a = 1.46613 


T = 273.16K(1.46613) = 


Picture the Problem Because the O2 molecule resembles 2 spheres stuck together, which 
in cross section look something like two circles, we can estimate the radius of the 
molecule from the formula for the area of a circle. We can express the area, and hence the 
radius, of the circle in terms of the mean free path and the number density of the 
molecules and use the ideal-gas law to express the number density. 


Express the area of two circles of 
diameter d that touch each other: 


Solve for d to obtain: 


Relate the mean free path of the 
molecules to their number density 
and cross-sectional area: 


Solve for A to obtain: 


Substitute in equation (1) to obtain: 


2 2 
4-1 )-3 
4 


2 
d= 2A (1) 
a 
fa 
n,A 
am 
na 
| 
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Use the ideal-gas law to relate the 
number density of the O molecules 


to their temperature and pressure: 


Substitute to obtain: 


Substitute numerical values and 
evaluate d: 


75 eo 


PV = NkT aT eee 
VeeokKT 
ae 2kT 
\ aPA 


2(1.381x10~ J/K)(300K) 
x(1.01x10° Pa)(7.1x10°m) 


-6.06x10 m= 


—_ 


Picture the Problem We can use its definition to express the mean free path of the 
molecules and the ideal-gas law to obtain an expression for the number density of the 


hydrogen gas molecules. 


(a) Relate the mean free path of the 
molecules to their number density 
and cross-sectional area: 

Use the ideal-gas law to relate the 
number density of the Hy molecules 
to their temperature and pressure: 


Express the effective cross-sectional 
area of a H, molecule: 


Substitute for 1, and A to obtain: 


Substitute numerical values and 
evaluate A: 


(5) Relate the available volume per 
molecule to the number density n,: 


Substitute numerical values and 
evaluate V/N: 


Express the volume of a spherical 
molecule: 


Yi 
n,A 
PV = NK&T or n, soe 
VooKT 
A=1nd’ 
y= Ae 
Prd 
4(1.381x 107? J/K )(300K) 
x(1.01x10° N/m?) (16x10 m} 
=| 2.04x10°m 
a ed 
N n, P 
V _(1.381x10 J/K )(300K) 
N 1.01x 10° N/m? 


=| 4.10x10°*° m° 
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Solve for d: 


Substitute numerical values and 
evaluate d: 


76 ecco 


gO 
oT = 
d = 6(4.10 x10 ™) [4360] 
a 


The mean free path is larger by 
approximately a factor of 1000. 


Picture the Problem Let A be the cross-sectional area of the cylinder. We can use the 


ideal-gas law to find the height of the piston under equilibrium conditions. In (b), we can 


apply Newton’s 2" law and the ideal-gas law for a fixed amount of gas to the show that, 


for small displacements from its equilibrium position, the piston executes simple 


harmonic motion. 


(a) Express the pressure inside the 
cylinder: 

Apply the ideal-gas law to obtain a 
second expression for the pressure 
of the gas in the cylinder: 


Equate these two expressions: 


Solve for / to obtain: 


At STP, 0.1 mol of gas occupies 
2.24 L. Therefore: 


Substitute numerical values and 
evaluate h: 


P, = Pyy +E 
A 
nRT nRT 
in = = (1) 
V hA 
Pay +E = BO 
A hA 


nRT __ (2.4m)AP 


atm 
+Mg  AP.,, + Mg 


AR 
2.4m 
Mg 


AP. 


atm 


1+ 


(2.4m)A = 2.24x10° m? 
and 
A= 9.3310“ m? 


2.4m 
(1.4kg)(9.81m/s") 
(9.333 10°‘ m?}(101.3kPa) 


- [2096 
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1 
feilt Q) 


of the piston to its mass anda In \ M 


(b) Relate the frequency of vibration 


”" 4 ”" . 
stiffness” constant: where M/ is the mass of the piston and k is a 


constant of proportionality. 


Letting y be the displacement from P_.A-mg —P.,,4A =9 
equilibrium, apply ee =ma,, to 


the piston in its equilibrium 


position: 
For a small displacement y above P,,'A-—mg — P,,, A = ma, 
equilibrium: or 

P/A~P,A=ma, 3) 
Using the ideal-gas law for a fixed PIV=PYV 
amount of gas and constant or 
temperature, relate P,'to P. : PV + Ay)=PV 
Solve for F.’: r_ i 

in in V a Ay 
and 
ie Ah | 1 
Ah+ Ay 142” 


Substitute in equation (3) to obtain: y a 
Pea i —F,A=ma, 


or, for y << h, 


PA, -2)-p Awxma, (4) 
in h in y 
Simplify equation (4): _PA Bae on 
in h 
Substitute in equation (1) to obtain: _( nRT A a WG 
Ah h ‘ 
or 
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nRT 
yo mie 


or 


Solve for ay: 


k 
a, =——y, the condition for SHM 
m 


k nRT 
where — = 5 
m mh 
Substitute in equation (2) to obtain: 1 |nRT 
od <a 2 
2a \ mh 


Substitute numerical values and evaluate /: 


1 {(0.1mol)(8.314J/mol - K)(300K) 
f ml (1.4kg)(2.096m) 


*77 ecco 


; 
Picture the Problem We can show that | i (v)dv =I (x), where f(v) is the Maxwell- 
0 


Boltzmann distribution function, x = mV* / 2kT , and J(x) is the integral whose values are 
tabulated in the problem statement. Then, we can use this table to find the value of x 
corresponding to the fraction of the gas molecules with speeds less than v by evaluating 
I(x). 


(a) The Maxwell-Boltzmann speed 4 - 3/2 7 
distribution f(x) is given by: v)=—=| —— eee 
Kt 8 y ra ( ) a c =| 


which means that the fraction of particles 
with speeds between v and 


vtdvis f (v)dv. 
Express the fraction F(V) of v 
particles with speeds less than FV)= } f(v)dv 
V = 400 m/s: 0 
3/2 
= 7 mM [tem tay 
va \2KT) + 
Change integration variables by _ [2kT ae 5) a 
letting z = v,/m/2kT so we can use Cg ae 


the table of values to evaluate the 
integral. Then: 
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Substitute in the integrand of F(V) eee »2kT _2f Qk 12 
to obtain: ve dv = z° ——e~ | ——| dz 
m m 
OEE \ ob 28 
= (A) ze” dz 
m 

Transform the integration limits to When v = 0, z = 0, 
correspond to the new integration and 
variable z = v./m/2kT : when v = V,z =V./m/2kT 


The new lower integration limit is 0. Evaluate z = V./m/2kT to find the upper limit: 


eh (32u)f.661x10- kg) _, 9¢ 
2(1.381x10-"J/K)(273K) 


Evaluate /(400 m/s) to obtain: 


400 m/s 3/2 400 m/s 2) 1.06 
F(400m/s) = ver rt dy | ze 
J Foye -7-(#) J i J 
= 1 06) 
where I(x tee 
=p re 
Letting rv represent the fraction of the r—0.438 0.788—0.438 
molecules with speeds less than 400 1.06—1 = 15-1 
m/s, interpolate from the table to iva : 
obtain: 
r =| 48.0% 

(>) Express the fraction r of the r = F(V,)-F(,) = 1(x, )-1(x,) 
molecules with speeds between ene 


V, = 190 m/s and /2 = 565 m/s: 
= ane x, =V,/m]2KT and x, =V,./m]2kT 


Evaluate x, and x» to obtain: 


Perr (32u)(1.661x10~” kg) pea 
2(1.381x 10" J/K)(273K) 


and 


x, =(665m/s) (32u)(1.661x10~” kg) aes 
2(1.381x10-°J/K)(273K) 


Substitute to obtain: r= 1(1.50)— 1(0.504) (1) 
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Using the table, evaluate /(1.50): 


Letting r represent the fraction of 
the molecules with speeds less than 
190 m/s, interpolate from the table 
to obtain: 


Substitute in equation (1) to obtain: 


1(1.50) = 0.788 


r—0.081 — 0.132-0.081 


0.504-0.5 0.6-0.5 
and 
r = 0.083 


r = 0.788 — 0.083 =| 70.5% 
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Chapter 18 
Heat and the First Law of Thermodynamics 


Conceptual Problems 
1 e 


Picture the Problem We can use the relationship Q = mcAT to relate the temperature 


changes of bodies A and B to their masses, specific heats, and the amount of heat 
supplied to each. 


Express the change in temperature Q 
AT, 


of body A in terms of its mass, MpCn 
specific heat, and the amount of heat 
supplied to it: 


Express the change in temperature Ar = Q 


of body B in terms of its mass, M,C 
specific heat, and the amount of heat 
supplied to it: 


Divide the second of these equations AT, _ MsCa 

by the first to obtain: AT, Mtge, 

Substitute and simplify to obtain: AT _ (2m, )(2cs ) _4 
AT, M,C, 
or 


*2 é 
Picture the Problem We can use the relationship Q = mcAT to relate the temperature 
changes of bodies A and B to their masses, specific heats, and the amount of heat 
supplied to each. 


Relate the temperature change of AT, = Q 
block A to its specific heat and M Cy 
mass: 

Relate the temperature change of AT Q 
block B to its specific heat and M,C, 
mass: 
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Equate the temperature changes to | 
obtain: Mycy Macy 
: M 
Solve for Ca: C, =—*®c, 
My, 


and} (b) is correct. 


3 e 

Picture the Problem We can use the relationship Q = mcAT to relate the amount of 
energy absorbed by the aluminum and copper bodies to their masses, specific heats, and 
temperature changes. 


Express the energy absorbed by the Qa) = My CyAT 
aluminum object: 


Express the energy absorbed by the Qer = MeyCqu AT 
copper object: 


Divide the second of these equations Qeu — MeyCquAT 
by the first to obtain: Oy, MyeyAl 
Because the object’s masses are the oe — Coy 21 
same and they experience the same Og Cy 
change in temperature: or 


Qa, < Qa, and} (c) is correct. 


4 e 

Determine the Concept Some examples of systems in which internal energy is 
converted into mechanical energy are: a steam turbine, an internal combustion engine, 
and a person performing mechanical work, e.g., climbing a hill. 


#5 ‘< 
Determine the Concept Yes, if the heat absorbed by the system is equal to the work 
done by the system. 


6 ° 
Determine the Concept According to the first law of thermodynamics, the change in the 
internal energy of the system is equal to the heat that enters the system plus the work 


done on the system. | (b) is correct. 
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7 ° 

Determine the Concept AE,,, = Q., + W,,,- For an ideal gas, AF;,,, is a function of T 
only. Because W,, = 0 and Qi, = 0 in a free expansion, AFj,, = 0 and T is constant. For a 
real gas, E;,, depends on the density of the gas because the molecules exert weak 
attractive forces on each other. In a free expansion, these forces reduce the average 
kinetic energy of the molecules and, consequently, the temperature. 


8 ° 
Determine the Concept Because the container is insulated, no energy is exchanged with 
the surroundings during the expansion of the gas. Neither is any work done on or by the 
gas during this process. Hence, the internal energy of the gas does not change and we can 
conclude that the equilibrium temperature will be the same as the initial temperature. 
Applying the ideal-gas law for a fixed amount of gas we see that the pressure at 


equilibrium must be half an atmosphere. | (c) is correct. 


9 e 
Determine the Concept The temperature of the gas increases. The average kinetic 
energy increases with increasing volume due to the repulsive interaction between the 


ions. 


*10Q ee 
Determine the Concept The balloon that expands isothermally is larger when it reaches 
the surface. The balloon that expands adiabatically will be at a lower temperature than the 
one that expands isothermally. Because each balloon has the same number of gas 
molecules and are at the same pressure, the one with the higher temperature will be 
bigger. An analytical argument that leads to the same conclusion is shown below. 


Letting the subscript "a” denote the 


Vy 
B 
adiabatic process and the subscript PwVy = BV > Via =Vo [3 


f 
"i" denote the isothermal process, 


express the equation of state for the 
adiabatic balloon: 


For the isothermal balloon: 


Divide the second of these equations V Fr 
by the first and simplify to obtain: V,, . P. P ) 
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Because P,/P;> 1 and y> 1: V.>V, 


11 
Determine the Concept The work done along each of these paths equals the area under 
its curve. The area is greatest for the path A+B->C and least for the path A>D->C. 


(a) is correct. 


12 
Determine the Concept An adiabatic process is, by definition, one for which no heat 


enters or leaves the system. | (b) is correct. 


13 ° 
(a) False. The heat capacity of a body is the heat needed to raise the temperature of the 
body by one degree. 


(b) False. The amount of heat added to a system when it goes from one state to another is 
path dependent. 


(c) False. The work done on a system when it goes from one state to another is path 
dependent. 


(d) True. 

(e) True. 

(f) True. 

(g) True. 

*14 

Determine the Concept For a constant-volume process, no work is done on or by the 


gas. Applying the first law of thermodynamics, we obtain Qi, = AFin. Because the 
temperature must change during such a process, we can conclude that 


AEint 0 and hence Q;, # 0. | (b) and (d) are correct. 


15 
Determine the Concept Because the temperature does not change during an isothermal 
process, the change in the internal energy of the gas is zero. Applying the first law of 


thermodynamics, we obtain Qin = —Won = Woy the system. Hence | (d) is correct. 
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16 oo 
Determine the Concept The melting point of propane at 1 atm pressure is 
83 K. Hence, at this low temperature and high pressure, C3H, is a solid. 


17 oo 
Picture the Problem We can use the given dependence of the pressure on the volume 
and the ideal-gas law to show that if the volume decreases, so does the temperature. 


We’re given that: PV = constant 
Because the gas is an ideal gas: PV= (PWV WW = constant/V =nkRT 
Solve for T: T= (constant) VV. 
nR 
Because T varies with the square root of V, if the volume decreases, 
the temperature decreases. 
#18 oe 


Determine the Concept At room temperature, most solids have a roughly constant heat 
capacity per mole of 6 cal/mol-K (Dulong-Petit law). Because 1 mole of lead is more 
massive than 1 mole of copper, the heat capacity of lead should be lower than the heat 
capacity of copper. This is, in fact, the case. 


19 « 
Determine the Concept The heat capacity of a substance is proportional to the number 
of degrees of freedom per molecule associated with the molecule. Because there are 6 
degrees of freedom per molecule in a solid and only 3 per molecule (translational) for a 
monatomic liquid, you would expect the solid to have the higher heat capacity. 


Estimation and Approximation 


*20Q ee 
Picture the Problem The heat capacity of lead is c = 128 J/kg-K. We’ll assume that all 
of the work done in lifting the bag through a vertical distance of 1 m goes into raising the 
temperature of the lead shot and use conservation of energy to relate the number of drops 
of the bag and the distance through which it is dropped to the heat capacity and change in 
temperature of the lead shot. 


(a) Use conservation of energy to Nmgh = mcAT 
relate the change in the potential where N is the number of times the bag of 
energy of the lead shot to the shot is dropped. 


change in its temperature: 
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Solve for AT to obtain: AT = Nmgh _ Ngh 
mc Cc 
Substitute numerical values and 50(9.81°m/s” )(m) 


. AT =| 3.83K 
evaluate AT: 128J/ke-K 


It is better to use a larger mass because the rate at which heat is lost by the 


lead shot is proportional to its surface area while the rate at which it gains 
(b) | heat is proportional to its mass. The amount of heat lost varies as the 


surface area of the shot divided by its mass (L’/L’ = L); which decreases 


as the mass increases. 


21 we 
Picture the Problem Assume that the water is initially at 30°C and that the cup contains 
200 g of water. We can use the definition of power to express the required time to bring 
the water to a boil in terms of its mass, heat capacity, change in temperature, and the rate 
at which energy is supplied to the water by the microwave oven. 


Use the definition of power to relate AW mcAT 
the energy needed to warm the = At = Mi 
water to the elapsed time: 
Solve for At to obtain: hee mcAT 

P 


Substitute numerical values and evaluate At: 


(0.2kg)(4.18kJ/kg -K)(373K — 303K) 
600 W 


that seems to be consistent with experience. 


At = = 97.5s =| 1.63min |, an elapsed time 


22° 

Picture the Problem The adiabatic 

compression from an initial volume V; P 4 
to a final volume V2 between the 
isotherms at temperatures T, and T> is 
shown to the right. We’ll assume a room \ 
temperature of 300 K and apply the \ 
equation for a quasi-static adiabatic % 
process with 7%, = 1.4 to solve for the \ 
ratio of the initial to the final volume of T, = 300K 

the air. | ~~ V 


 T,= 506 K 
~ 


Ey 
~ 
~~ 


Express TV’ * = constant in terms TV)? =iV; 
of the initial and final values of T 
and V: 
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Solve for V;/V> to obtain: 


Substitute numerical values and 
evaluate V;/V3: 


23 eo 


1441 
MY, _| 206K )'*" _T369 
V, (300K 


Picture the Problem We can use Q = mc, AT to express the specific heat of water 


during heating at constant pressure in terms of the required heat and the resulting change 
in temperature. Further, we can use the definition of the bulk modulus to express the 
work done by the water as it expands. Equating the work done by the water during its 
expansion and the heat gained during this process will allow us to solve for cp. 


Express the heat needed to raise the 
temperature of a mass m of a 
substance whose specific heat at 
constant pressure is c, by AT: 


Solve for c, to obtain: 


Use the definition of the bulk 
modulus to express the work done 
by the water as it expands: 


Assuming that the work done by the 
water in expanding equals the heat 
gained during the process, substitute 
to obtain: 


Using the definition of the 
coefficient of volume expansion, 
express AV (see Chapter 20, 
Section 1): 


Substitute to obtain: 


Q= mc, AT 
Gp 
P  mAT 
_ AP _ VAP 
AV/V AV 
or 
W =VAP = BAV 
_ BAV 
P  mAT 
AV = BVAT 
. _ BBVAT _ BBV 


Ps mAT m 
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Use the data given in the problem m 
statement to find the average = 
volume of 1 kg of water as it warms e 
from 4°C to 100°C: = 1kg 
1.0000 g/cm? + 0.9584 g/cm? 
2 
=1.02x10° m?° 
Substitute numerical values and evaluate c,: 
8 2 3 -1 -3 3 
ne (2x10° N/m?)(0.207 x10 K")(1.02x10 m?) _ oie i 
1kg 
Express the ratio of C, to Cwater! Cc : 
P t po 42.2 J/kg-K = 101x107 
Cyater 4184J/kg-K 


or 


c, =| (1.01%)c 


water 


*24 

Picture the Problem We can apply the condition for the validity of the equipartition 
theorem, i.e., that the spacing of the energy levels be large compared to kT, to find the 
critical temperature T,: 


Express the failure condition for the kT. 0.15eV 
equipartition theorem: 


Solve for T;: T= 0.15eV 
k 
3 * -19 
Substitute vee values and 0.15eV x 1.602x10 "J 
evaluate T;: T= Bs ~|1740K 
1.381x10°~ J/K 


Heat Capacity; Specific Heat; Latent Heat 


“25 8 

Picture the Problem We can use the conversion factor 1 cal = 4.184 J to convert 2500 
kcal into joules and the definition of power to find the average output if the consumed 
energy is dissipated over 24 h. 


a) Convert 2500 kcal to joules: 
(9) 2500 keal = 2500 kcal x 2844 


~ [10580] 


Ca 
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(b) Use the definition of average AE 1.05x107 J 
power to obtain: Pi= a = 36006 = 121W 
f  24hx 


Remarks: Note that this average power output is essentially that of a widely used 
light bulb. 


26 
Picture the Problem We can use the relationship Q = mcAT to calculate the amount of 


heat given off by the concrete as it cools from 25 to 20°C. 


Relate the heat given off by the Q=mcAT 
concrete to its mass, specific heat, 
and change in temperature: 


Substitute numerical values and Q = (10° kg)(1kJ/kg-K)(298K - 293K) 
evaluate Q: =| 500MJ 
27 


Picture the Problem We can find the amount of heat that must be supplied by adding the 
heat required to warm the ice from —10°C to 0°C, the heat required to melt the ice, and 
the heat required to warm the water formed from the ice to 40°C. 


Express the total heat required: OS 0 gat Oa Oe ee 
Substitute for each term to obtain: Q = MC,,.ATio. + ML; + MC yater AT ater 
= M(CyeAT ce + L, a Biss a) 


Substitute numerical values and evaluate Q: 


Q =(0.06kg)|(0.49 kcal/kg -K)(273K — 263K)+ 79.7 kcal/kg 
+ (ikcal/kg - K )(313K — 273K) 


- [7a] 


28 we 
Picture the Problem We can find the amount of heat that must be removed by adding the 
heat that must be removed to cool the steam from 150°C to 100°C, the heat that must be 
removed to condense the steam to water, the heat that must be removed to cool the water 
from 100°C to 0°C, and the heat that must be removed to freeze the water. 
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Express the total heat that must be CP = dean QO andancusean 
removed: + Qcool water + Qucés water 
Substitute for each term to obtain: Q = MCoeamAT team + ML, 
aD [Loreen A Aen a mL, 
= (Cowan T team at; L, nls eee A eee + L, ) 


Substitute numerical values and evaluate Q: 


Q = (0.1kg)|(2.01kJ/kg -K)(423K —373K)+ 2.26 MJ/kg 
+(4.18kJ/kg -K)(373K — 273K)+333.5kJ/kg| 


~311.2ky xe 
4.184kJ 


=| 74.4kcal 


29 eo 
Picture the Problem We can find the amount of nitrogen vaporized by equating the heat 
gained by the liquid nitrogen and the heat lost by the piece of aluminum. 


Express the heat gained by the Qy = MyLoy 
liquid nitrogen as it cools the piece 
of aluminum: 


Express the heat lost by the piece of Qa = My CyATy 
aluminum as it cools: 


Equate these two expressions and myL = MgC AT, 
solve for my: and 
_ My Cy AT, 
NUL 


Substitute numerical values and evaluate mn: 


— (0.05kg)(0.90 J/kg -K )(293K —77K) _ 4.88x10° kg = 


199kJ/kg 
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30 oo 

Picture the Problem Because the heat lost by the lead as it cools is gained by the block 
of ice (we’re assuming no heat is lost to the surroundings), we can apply the conservation 
of energy to determine how much ice melts. 


Apply the conservation of energy to AQ=0 


this process: or 
— Mp (Liss, + Cp ATp, )+ m,,L;,, =0 


Solve for m,: 
. " Mop (x, Pb +¢py4Tpp | 


Substitute numerical values and evaluate m,,: 


_ (0.5kg)(24.7 kJ/kg + (0.128kJ/kg -K)(600K —273K)) _ Bae 
" 333.5kJ/kg gy ae 


*31 ee 
Picture the Problem The temperature of the bullet immediately after coming to rest in 
the block is the sum of its pre-collision temperature and the change in its temperature as a 
result of being brought to a stop in the block. We can equate the heat gained by the bullet 
and half its pre-collision kinetic energy to find the change in its temperature. 


Express the temperature of the T =T,+AT 
bullet immediately after coming to =293K+AT 
rest in terms of its initial 

temperature and the change in its 

temperature as a result of being 

stopped in the block: 


Relate the heat absorbed by the Q=sK 
bullet as it comes to rest to its 


kinetic energy before the collision: 


Substitute for Q and K to obtain: Mp,CppAT = 1(4 m,,V’) 


Solve for AT: v 
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Substi btain: 
ubstitute to obtain T =293K + Vv 
Cop 
Substitut ical val d ; 
ubstitute numerical values an T = 293K + (420 m/s) 
evaluate T: 4(0.128 kJ/kg - K) 


— 638K =| 365°C | 


32 ee 
Picture the Problem We can find the heat available to warm the brake drums from the 
initial kinetic energy of the car and the mass of steel contained in the brake drums from Q 


= MsteelCsteel AT. 
EXPpress Meee) in terms of Q: _ Q 

steel 

. steel AL 
Find the heat available to warm the Q=K=1im,,v’ 
brake drums from the initial kinetic 
energy of the car: 
Substitute for Q to obtain: ce im..V° 

steel a AT 
Substitute numerical values and km th . 
evaluate Meteci! (1400 ks h : 3600s 

Meroe = 
keal 4.186k. 
| ti ye | Goon) 
kg-K kcal 


=| 6.26kg 


Calorimetry 


33. 

Picture the Problem Let the system consist of the piece of lead, calorimeter, and water. 
During this process the water will gain energy at the expense of the piece of lead. We can 
set the heat out of the lead equal to the heat into the water and solve for the final 
temperature of the lead and water. 


Apply conservation of energy to the AQ =0 or Qi, = Qout 
system to obtain: 
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Express the heat lost by the lead in Quat = Moy Cp,ATp, 
terms of its specific heat and 
temperature change: 
Express the heat absorbed by the Q., =m,,c, AT, 
water in terms of its specific heat 
and temperature change: 


Substitute to obtain: mc, AT, = Mp,Cp,ATp, 


Substitute numerical values: 


1371 


(0.5kg)(4.18kJ/kg -K )(t, -293K) = (0.2kg)(0.128kJ/kg -K)(363K -t, ) 


Solve for t; to obtain: t, = 293.8K =| 20.8°C 


#34 


Picture the Problem During this process the water and the container will gain energy at 


the expense of the piece of metal. We can set the heat out of the metal equal to the heat 


into the water and the container and solve for the specific heat of the metal. 


Apply conservation of energy to the AQ = Dor Qyainea = Qrost 
system to obtain: 


Express the heat lost by the metal in i = Mai all aa 
terms of its specific heat and 
temperature change: 


Express the heat gained by the water Os siniagd TO Cg AT FIM gts pases Ly 


and the container in terms of their 
specific heats and temperature 
change: 


Substitute to obtain: 


AT. 


metal 


mc, AT, +m CAT 


container ~ metal w = Mretal metal 
Substitute numerical values: 


(0.5kg)(4.18kJ/kg -K)(294.4 K — 293K)+ (0.2kg)(294.4 K — 293K )c 
= (0.1kg)(373K — 294.4K)c 


metal 


metal 
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Solve for Cmetal: 


35 eo 


seta =| 0-386 kJ/kg -K 


Picture the Problem We can use Q = mcAT to express the mass m of water that can be 


heated through a temperature interval AT by an amount of heat energy Q. We can then 
find the amount of heat energy expended by Armstrong from the definition of power. 


Express the amount of heat energy 
Q required to raise the temperature 
of a mass m of water by AT: 


Solve for m to obtain: 


Use the definition of power to relate 
the heat energy expended by 
Armstrong to the rate at which he 
expended the energy: 


Substitute to obtain: 


Substitute numerical values and 
evaluate m: 


36 eo 


Q=mcAT 


PAt 
m=—— 
cAT 


(400J/s)(3600s/h)(Sh/d)(20d) 


(4.184kJ/kg -K)(373K — 297K) 


453kg 


Picture the Problem During this process the ice and the water formed from the melted 


ice will gain energy at the expense of the glass tumbler and the water in it. We can set the 


heat out of the tumbler and the water that is initially at 24°C equal to the heat into the ice 


and ice water and solve for the final temperature of the drink. 


Apply conservation of energy to the 
system to obtain: 


Express the heat lost by the tumbler 
and the water in it in terms of their 
specific heats and common 
temperature change: 


Express the heat gained by the ice 
and the melted ice in terms of their 
specific heats and temperature 


AQ = 0 or Oia = ig 


Qhost = Maing AE +m c AT 


water ~ water 


Qaained = MiceliceA Tice +m, L, 


ice 


+m. c.., AT. 


ice water ~ water ice water 
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changes: 
Substitute to obtain: 


=™M,...C5,..AT +m,..,,.€,...AT 


glass ~ glass water ~ water 


MiceCice A Tice + MigeLg + M, Cc 


ice ~1ce ice ice ice water aera Pe water 


Substitute numerical values: 


(0.03kg)(0.49 kcal/kg - K )(273K — 270K)+ (0.03kg)(79.7 kcal/kg) 
+(0.03kg)(1kcal/kg- K )t, = (0.025kg)(0.2 kcal/kg - K )(297 K -t, ) 
+(0.2kg)(1kcal/kg -K)(297 K -t, ) 


Solve for t;: t; = 283.6K =| 10.6°C 


37 eo 

Picture the Problem Because we can not tell, without performing a couple of 
calculations, whether there is enough heat available in the 500 g of water to melt all of 
the ice, we’ll need to resolve this question first. 


(a) Determine the heat required to Qhettice = Mice Ls 
melt 200 g of ice: = (0.2kg)(79.7 kcal/kg) 
=15.94kcal 
Determine the heat available from LS HON | Gee corner rem 
500 g of water: = (0.5kg)(1kcal/kg -K) 
x (293K —273K) 

=10kcal 

Because Qwater < Qmelt ice! The final temperature is 0°C. 

(b) Equate the energy available i sae 

from the water Qwater tO Micel¢ and al L, 


solve for Mice: 


Substitute numerical values and a 10kcal _ 
evaluate Mice: “79.7 kcal/kg 


125¢ 
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38. ee 
Picture the Problem Because the bucket contains a mixture of ice and water initially, we 
know that its temperature must be 0°C. We can equate the heat gained by the mixture of 
ice and water and the heat lost by the block of copper and solve for the amount of ice 
initially in the bucket. 


Apply conservation of energy to the AQ =0 or Qyained = Most 
system to obtain: 


Express the heat lost by the block of Qyt = MoaCuAta 
copper: 
Express the heat gained by the ice Qs stiea = Mico Ls + Mice Pe coe era ie water 


and the melted ice: 


Substitute to obtain: MiceLs + Mice Foren carrey sw Oem water 


~ MeuCquAT oy a 0 


Solve for Mice: _ MeuCquAT ou c= 11 Heenan onpenre AW Eae 


Mice im 


Substitute numerical values and evaluate Mice: 


_ (3.5kg)(0.0923kcal/kg - K )(353K — 281K) 
pal 79.7 kcal/kg 
(1.2kg)(1kcal/kg -K)(281K — 273K) 
79.7 kcal/kg 


-[is] 
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Picture the Problem During this process the ice and the water formed from the melted 
ice will gain energy at the expense of the condensing steam and the water from the 
condensed steam. We can equate these quantities and solve for the final temperature of 
the system. 


(a) Apply conservation of energy to AQ =0 or Qurined = Qost 
the system to obtain: 


Express the heat required to melt the O wine = it De PM oO dN 
ice and raise the temperature of the 
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ice water: 
Express the heat available from 20 8 Quest = Maen by ee LLL none Coenrea a wre 
of steam and the cooling water 
formed from the condensed steam: 


Substitute to obtain: 


M,_.L, +m, Cel, Miele Ma Ont, 


ice ice water ~ water water ~ steam-"— Vv steam ~ water water 


Substitute numerical values: 


(0.15kg)(79.7 kcal/kg) + (0.15kg )(1kcal/kg -K)(t, -273K) 


1375 


= (0.02kg)(540 kcal/kg)+ (0.02kg)(1kcal/kg - K )(373K —t, ) 


Solve for t;: t; = 277.94K =| 4.94°C 


(b) | Because the final temperture is greater than 0°C, no ice is left. 
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Picture the Problem During this process the ice will gain heat and the water will lose 


heat. We can do a preliminary calculation to determine whether there is enough heat 


available to melt all of the ice and, if there is, equate the heat the heat lost by the water to 


the heat gained by the ice and resulting ice water as the system achieves thermal 
equilibrium. 


Apply conservation of energy to the AQ=0 or Qi seed = Qa 
system to obtain: 


Find the heat available to melt the ice: CE |) Oe Ame AY Re 
= (1kg)(1kcal/kg - K) 
x (303K — 273K) 


= 30 kcal 
Find the heat required to melt all of Qrattios = Misol 
the ice: = (0.05kg)(79.7 kcal/kg) 
= 3.985 kcal 


Because Qavail > Qmelt ices WE know Qhost = 1 ewe Sone Ad Gere 
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that the final temperature will be 
greater than 273 K and we can 


express Qios in terms of the change 
in temperature of the water: 


Express Qegained! OD sited = MicoL Te Mice pene cere id bee water 


Equate the heat gained and the heat MeL + LP cieerey 2 Oe water — irae oeerae 2 Aa 
lost to obtain: 


Substitute numerical values to obtain: 


(0.05kg)(79.7 kcal/kg) + (0.05kg)(1kcal/kg -K)(T, - 273K) 
= (1kg)(1kcal/kg -K )(303K —T, ) 


Solving for T; yields: T, = 297.8K =| 24.8°C 


Find the heat required to melt 500 g of ice: ~~ Qnettice = MiceLs 
= (0.5kg)(79.7 kcal/kg) 
= 39.85 kcal 


Because the heat required to melt 500 g of ice is greater than the heat available, 
the final temperature will be 0°C. 
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Picture the Problem Assume that the calorimeter is in thermal equilibrium with the 


water it contains. During this process the ice will gain heat in warming to 0°C and 
melting, as will the water formed from the melted ice. The water in the calorimeter and 
the calorimeter will lose heat. We can do a preliminary calculation to determine whether 
there is enough heat available to melt all of the ice and, if there is, equate the heat the 
heat lost by the water to the heat gained by the ice and resulting ice water as the system 
achieves thermal equilibrium. 


Find the heat available to melt the ice: 


Qyvail = 1) Pere Seer 3 Sra = Moa, 


= [(0.5kg)(4.18kJ/kg-K}+ (0.2kg)(0.9 kJ/kg -K)|(293K — 273K) 
= 45.40kJ 


AT. 


cal water 
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Find the heat required to melt all of the ice: 


Oras = Mo AT; + MeL 


= (0.1kg)(2kJ/kg-K)(273K — 253K)+ (0.1kg)(333.5kJ/kg) 
= 37.35kJ 
(a) Because Qavail > Qimnelt ice, WE AQ =0 or Ooi = Qhost 


know that the final temperature will 
be greater than 0°C. Apply the 
conservation of energy to the system 
to obtain: 


Express Qhost in terms of the final Qhost a (m Myyater C\vater = MeaiC cal | reer 
temperature of the system: 


Express Qgained in terms of the final Qyained = MyeeCjcoAT ice + ML; 
temperature of the system: 


Substitute to obtain: 


ts MeaiCcal JAT, 


ice ~1ce ice ice water ~ water ice water ~ (Mater C\ater water+calorimeter 


MC AL bm Let mM, CwaterA 1; 


Substitute numerical values: 


37.35kJ +(0.1kg)(4.18kJ/kg -K)(t, -273K) 
= [(0.5kg)(4.18kJ/kg -K) + (0.2kg)(0.9kJ/kg - K)|(293K —t, ) 


Solving for t; yields: t; = 276K =| 2.99°C 


(b) Find the heat required to raise 200 g of ice to 0°C: 


Q amice = McoCice AT. = (0.2kg)(2 kJ/kg -K)(273K — 253K) = 8.00kJ 


ice ~1ce ice 


Noting that there are now 600 g of water in the calorimeter, find the heat available from 
cooling the calorimeter and water from 3°C to 0°C: 


Qyvail = MyvaterC a Gea aca ated 
=[(0.6kg)(4.18kJ/kg - ie (0.2kg)(0.9kJ/kg -K)|(293K — 273K) 
= 8.064kJ 
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Express the amount of ice that will 
melt in terms of the difference 
between the heat available and the 
heat required to warm the ice: 


Substitute numerical values and 


evaluate Mmelted ice! 


Find the ice remaining in the system: 


= Quvail —_ ice 


m 


meltedice — L 
f 
. _ 8.064 kJ —8kJ 
meltedice 333.5kJ/kg 
= 0.1919¢ 
ae ee = 200 g- 0.1919 g 


=| 199.8g 


Because the initial and final conditions are the same, the answer would be 
Cc 
the same. 
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Picture the Problem Let the subscript B denote the block, w, the water initially in the 
calorimeter, and w> the 120 mL of water that is added to the calorimeter vessel. We can 
equate the heat gained by the calorimeter and its initial contents to the heat lost by the 
warm water and solve this equation for the specific heat of the block. 


Apply conservation of energy to the 
system to obtain: 


Express the heat gained by the 


block, the calorimeter, and the water 
initially in the calorimeter: 


Express the heat lost by the water 
that is added to the calorimeter: 


Substitute to obtain: 


AQ =0 or Qs stnea = Qhost 


Quained = MgCRAT, + Me CuATon 
+i, CAT... 
= (macy + MeyCoy +My Cy, )AT 


because the temperature changes are the 
same for the block, calorimeter, and the 
water that is initially at 20°C. 


Qi = mM, Cy, AT, 


(mac, + Mey Ccqy tM, Cy, )AT = Na ee 2 
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Substitute numerical values to obtain: 


[(0.1kg)c,, +(0.025kg)(0.386 kJ/kg -K }+ (0.06kg)(4.18kJ/kg - K)|(327 K — 293K) 
= (12010 kg)(4.18kJ/kg-K)(353K — 327K) 


a =| 1.23kJ/kg-K 


0.294 cal/g-K 


Solve for cg to obtain: Cc 


43, 
Picture the Problem We can find the temperature t by equating the heat gained by the 
warming water and calorimeter, and vaporization of some of the water. 


Apply conservation of energy to the AQ =0 or Qyained = Qost 
system to obtain: 


Express the heat gained by the O ina =m, qupag CRss +m,c,AT,, 
warming and vaporizing water: + Mea Cop AT. 
Express the heat lost by the 100-g Qhost = MeuCcuATou 


piece of copper as it cools: 


Substitute to obtain: 


mM, ere ae ae m,CyAT,, a MeaCcaT,, = Mey CouATon 


Substitute numerical values: 


(1.2g)(540cal/g )+(200g)(1cal/g-K)(311K — 289K) 
+ (150g)(0.0923cal/g- K )(311K — 289K) = (100g)(0.0923cal/g -K)(t—311K) 


Solve for t to obtain: t = 891K =] 618°C 


44 

Picture the Problem We can find the final temperature of the system by equating the 
heat gained by the calorimeter and the water in it to the heat lost by the cooling aluminum 
shot. In (b) we’ll proceed as in (a) but with the initial and final temperatures adjusted to 
minimize heat transfer between the system and its surroundings. 
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Apply conservation of energy to the AQ =0 or Qaained = Qost 
system to obtain: 


(a) Express the heat gained by the Qyained = M,CyAT, + M.yCy AT, 
warming water and the calorimeter: 


Express the heat lost by the Quest = Menor AT a) 
aluminum shot as it cools: 


Substitute to obtain: (mc, + Maa} JAT, = My Ca AT a) 


Substitute numerical values to obtain: 


[(S00g)(Ical/g- K + (200 g)(0.0923cal/g -K)](t, -293K) 
= (300 g)(0.215cal/g-K)(373K —t, ) 


Solve for t; to obtain: t, = 301.9K =| 28.9°C 


(b) Let the initial and final t, = 20°C — to (1) 
temperatures of the calorimeter and and 
its contents be: te = 20°C + to 


where ¢, and t; are the temperatures above 
and below room temperature and ty is the 

amount t; and t; must be below and above 

room temperature respectively. 


Express and the heat gained by the Q.,, =m,c, AT, +M.jC, AT, 
water and calorimeter: = (m,,c, FMC ai JAT,, 
Express the heat lost by the aluminum Qyat = MenorCa AT a) 


shot as it cools: 


Equate Q;, and Qou: to obtain: (m,Cy + MaCa AT, = Mp CaAT a1 


shot 
Substitute numerical values: 


[(500 g)(1cal/g- K + (200 g)(0.215cal/g-K)|(293K +t, —293K +t, ) 
= (300g)(0.215cal/g-K)(373K — 293K —t, ) 


Solve for and evaluate to: t, = 277.49K = 4.49°C 
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Substitute in equation (1) to obtain: t, = 20°C — 4.49°C =| 15.5°C 


First Law of Thermodynamics 


45° 
Picture the Problem We can apply the first law of thermodynamics to find the change in 
internal energy of the gas during this process. 


Apply the first law of AE in = Qin + Won 
thermodynamics to express the 

change in internal energy of the gas 

in terms of the heat added to the 

system and the work done on the 


gas: 

4.184] 
The work done by the gas equals the AE,,, = 600 cal x 300] 
negative of the work done on the ca 


gas. Substitute numerical values and —|2.21kJ 


evaluate AF int 


*46 ° 
Picture the Problem We can apply the first law of thermodynamics to find the change in 
internal energy of the gas during this process. 


Apply the first law of AE int = Qin + Won 
thermodynamics to express the 

change in internal energy of the gas 

in terms of the heat added to the 

system and the work done on the 


gas: 
4.184 
The work done by the gas is the AE,,, = 400kcal x J 800kJ 
negative of the work done on the ca 
gas. Substitute numerical values and =| 874kJ 


evaluate AF int: 


47 
Picture the Problem We can use the first law of thermodynamics to relate the change in 
the bullet’s internal energy to its pre-collision kinetic energy. 
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Using the first law of thermodynamics, 
relate the change in the internal energy 
of the bullet to the work done on it by 
the block of wood: 


Substitute for AE in, K;, and K; to obtain: 


Solve for tp: 


Substitute numerical values and 
evaluate ty: 


48 + 


AE int = Qin a My i 


or, because Qin = 0, 
AE int = Wor = AK = -(K, -K,) 


Vv 
t; =t, +—— 
Cop 
2 
t, = 293K + (200m/s) 


2(0.128kJ/kg -K) 


= 449K =|176°C | 


Picture the Problem What is described above is clearly a limiting case because, as the 


water falls, it will, for example, collide with rocks and experience air drag; resulting in 


some Of its initial potential energy being converted into internal energy. In this limiting 


case we can use the first law of thermodynamics to relate the change in the gravitational 
potential energy (take U, = 0 at the bottom of the waterfalls) to the change in internal 
energy of the water and solve for the increase in temperature. 


(a) Using the first law of 
thermodynamics and noting that, 
because the gravitational force is 
conservative, W,, = —AU, relate the 
change in the internal energy of the 
water to the work done on it by 
gravity: 


Substitute for AEjn, Us, and U; to 
obtain: 


Solve for AT: 


Substitute numerical values and 
evaluate AT: 


AE int = Qn F Waa 


or, because Qin = 0, 
AE int = Waa = —AU = -(U, -U,) 


mc,,AT =—(0—mgAh) = mgAh 


_ gAh 
Cc 


WwW 


(9.81m/s?)(50m) 
AT = =[0.117K 
aiBkinkg KOK 


AT 
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(b) Proceed as in (a) with AT = (9.81m/s?)(740m) _|174K 
Ah = 740 m: 4.18kJ/kg-K 
49 - 


Picture the Problem We can apply the first law of thermodynamics to find the change in 
internal energy of the gas during this process. 


Apply the first law of AE int = Qin + Won 
thermodynamics to express the 

change in internal energy of the gas 

in terms of the heat added to the 

system and the work done on the 


gas: 
The work done by the gas is the AE,. = 20calx 4.184] 30) =) 53.7) 
negative of the work done on the cal 


gas. Substitute numerical values and 
evaluate AF int 


50. ee 
Picture the Problem We can use the definition of kinetic energy to express the speed of 
the bullet upon impact in terms of its kinetic energy. The heat absorbed by the bullet is 
the sum of the heat required to warm to bullet from 202 K to its melting temperature of 
600 K and the heat required to melt it. We can use the first law of thermodynamics to 
relate the impact speed of the bullet to the change in its internal energy. 


Using the first law of AE nn = Qin + Won 

thermodynamics, relate the change or, because Q;, = 0, 

in the internal energy of the bullet to AE,,, =W,, = AK = (K := K,) 

the work done on it by the target: 

Substitute for AEin, Ks, and K; to mcp,AT», + mL,» = (0 1 mv? )= 1 my" 
obtain: Gt 


—1 2 
MCp, (le ae )+ ML; p, = zMvV 


Solve for v to obtain: v= Ac», (Fis =1; ) ats | 


Substitute numerical values and evaluate v: 


v = /2{(0.128 kJ/kg -K)(600 K —303K) + 24.7 kJ/kg} =| 354m/s 
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*51 ee 

Picture the Problem We can find the rate at which heat is generated when you rub your 
hands together using the definition of power and the rubbing time to produce a 5°C 
increase in temperature from AQ = (dQ/dt)At and 


Q = mcAT. 
(a) Express the rate at which heat is dQ =P=fv=yFVv 
generated as a function of the friction dt 
force and the average speed of your 
hands: 
Substitute numerical values and dQ _ 0.5(35 N) (0. 35 m/s) -~|6.13W 
evaluate dQ/dt: dt 
(b) Relate the heat required to raise AQ= dQ er 
the temperature of your hands 5 K to dt 
the rate at which it is being 
generated: 
Solve for At: _ mcAT 
dQ/dt 
Substitute numerical values and ee (0.35kg)(4kJ/kg -K)(5K) 
evaluate At: 6.13 W 


1min 
=1143s x —— =| 19.0min 
aa 


Work and the PV Diagram for a Gas 


52° 

Picture the Problem We can find the work done by the gas during this process from the 
area under the curve. Because no work is done along the constant volume (vertical) part 
of the path, the work done by the gas is done during its isobaric expansion. We can then 
use the first law of thermodynamics to find the heat added to the system during this 
process. 
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(a) The path from the initial state (1) P, atm 
to the final state (2) is shown on the 
PV diagram. 


The work done by the gas equals the area under the shaded curve: 


W, 


101.3kPa 10° m° 
wy gas = PAV = (3atm)(2L) = [saumsAOLEKPE a1 1 | = 


(b) The work done by the gas is the Qi, = AE in —Won 

negative of the work done on the = (E,,.5 = Eiys)— (- W,, a) 

gas. Apply the first law of - (E,, > En ) + Woy ens 
thermodynamics to the system to , ; 

obtain: 

Substitute numerical values and 0O.= (912 J—456J )+ 608J =| 1.06kJ 


evaluate Qi: 


53° 

Picture the Problem We can find the work done by the gas during this process from the 
area under the curve. Because no work is done along the constant volume (vertical) part 
of the path, the work done by the gas is done during its isobaric expansion. We can then 
use the first law of thermodynamics to find the heat added to the system during this 
process 


(a) The path from the initial state (1) 
to the final state (2) is shown on the 
PV diagram. 
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The work done by the gas equals the area under the curve: 


101.3kPa 10° m° 

Woy gas = PAV =(2atm)(2L) = [2 atm x ee oe) =| 405) 
(b) The work done by the gas is the O07, = Ab Wes 
negative of the work done on the 7 (E,,, 5B ae Ee W,, 2 

. Apply the first | f 
Bas PPIY nares = (Exes = Exnai)+ Wy gas 
thermodynamics to the system to 
obtain: 
Substitute numerical values and Q,, =(912J—456J)+405J =| 861) 


evaluate Qin: 


*54 

Picture the Problem We can find the work done by the gas during this process from the 
area under the curve. Because no work is done along the constant volume (vertical) part 
of the path, the work done by the gas is done during its isothermal expansion. We can 
then use the first law of thermodynamics to find the heat added to the system during this 
process. 


(a) The path from the initial state (1) 
to the final state (2) is shown on the 
PV diagram. 


The work done by the gas equals the 


a” 
Vv 


Vy 3L 
area under the curve: Woy gas = ye dV = ng; | 


= PY, | = PY [Inv] 


Substitute numerical values and evaluate Why gas: 
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( 


101.3kPa 


Wyy gas = [3 atm x — 


(b) The work done by the gas is the 
negative of the work done on the 
gas. Apply the first law of 
thermodynamics to the system to 
obtain: 


Substitute numerical values and 
evaluate Qin: 


55 oo 


1387 


334J 


3 3 
10°m jes 
i. 


Q., = AE. —Won 
-(E,,.- 2 Eine Exni)— (- Wy gas ) 
=(E, int,2 Bi 1 Ei )+W, 


Wy gas 


Q,, = (912 -456J)+334J =| 7904 | 


Picture the Problem We can find the work done by the gas during this process from the 


area under the curve. We can then use the first law of thermodynamics to find the heat 


added to the system during this process. 


(a) The path from the initial state (1) 
to the final state (2) is shown on the 
PV diagram: 


The work done by the gas equals the 
area under the curve: 


(b) The work done by the gas is the 
negative of the work done on the 
gas. Apply the first law of 
thermodynamics to the system to 
obtain: 


Substitute numerical values and 
evaluate Q;,: 


VL 


W,, gas = Asses = + (3 atm + 2 atm)(2 L) 
101.35 _ 
=5 -Lx = i 
Q,, = AE, —W., 
> (E,,. 2 Be u2 (- W,, gas ) 
= (E int,2 — E, int,1 +W,, gas 


Q,, = (912) - 456J)+507J =| 9635 
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Remarks: You could use the linearity of the path connecting the initial and final 
states and the coordinates of the endpoints to express P as a function of V. You 
could then integrate this function between 1 and 3 L to find the work done by the 
gas as it goes from its initial to its final state. 


56 ee 
Picture the Problem We can find the work done by the gas during this process from the 


area under the curve. 


The path from the initial state i to 


the final state f is shown on the PV 
diagram: 
The work done by the gas equals the Way gas = Aapezoid = 4(latm f. 3atm)(50 L) 
area under the curve: 101.3J 
=100atm-L~x =| 10.1kJ 
1 


Remarks: You could use the linearity of the path connecting the initial and final 
states and the coordinates of the endpoints to express P as a function of V. You 
could then integrate this function between 1 and 3 L to find the work done by the 
gas as it goes from its initial to its final state. 


57 ee 
Picture the Problem We can find the work done by the gas from the area under the PV 
curve provided we can find the pressure and volume coordinates of the initial and final 


states. We can find these coordinates by using the ideal gas law and the condition 
T= AP’. 


Apply the ideal-gas law with PV = RAP’ => V = RAP (1) 
n= 1moland T = AP’ to obtain: This result tells us that the volume varies 


linearly with the pressure. 


Solve the condition on the P Tr, 
temperature for the pressure of the OVA 


gas: 


Find the pressure when the 
temperature is 4Tp: 


Using equation (1), express the 
coordinates of the final state: 


The PV diagram for the process is 
shown to the right: 


The work done by the gas equals the 


area under the curve: 
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P= [oe apt = 2P, 
A A 
(2V,,2P,) 
\ 
\ 
\ 
P % : 
2P, SJ 
\ | anes 
% | 4Ty 
\ | 
\ | 
Po i-_-.--- ae | 
‘i | 
| es eel 
| ~~ 
| | To 
| | 
Ve av, 
W,, gas = Posies = L(P, - 3F, \(2V, -V,) 


- [ax] 


Picture the Problem From the ideal gas law, PV = NkT, or V= NkT/P. Hence, on a VT 
diagram, isobars will be straight lines with slope 1/P. 


A spreadsheet program was used to plot the following graph. The graph was plotted for 1 


mol of gas. 


= = =P=1atm 


= =P=0.5atm 


P=0.1 atm 


100 150 200 


T (K) 


250 300 350 
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Picture the Problem The PV diagram 
shows the isothermal expansion of the ideal 
gas from its initial state 1 to its final state 2. 
We can use the ideal-gas law for a fixed 
amount of gas to find V2 and then evaluate 
| PdvV for an isothermal process to find the 


work done by the gas. In part (b) of the 
problem we can apply the first law of 
thermodynamics to find the heat added to 
the gas during the expansion. 


(a) Express the work done by a gas 
during an isothermal process: 


Apply the ideal-gas law for a fixed 
amount of gas undergoing an 
isothermal process: 


Solve for and evaluate V3: 


Substitute numerical values and 
evaluate W: 


(b) Apply the first law of 
thermodynamics to the system to 
obtain: 


Because the work done by the gas is 
the negative of the work done on the 
gas: 


W,, gas 
YY YY 


PV, = BV, or eae 
1 1 
P 200 kPa 
V, =—LV, =“ (4L) =8L 
P, 100kPa 
8L 
W,y gas = (200 kPa)(4L) ad 
4L 
= (800 kPa -L)[Inv]i, 
= (800 kPa - uyn( SE) 
4L 
3 2 
= S00ias ties Seng 
Q,, = AE,,, —W,, 
or, because AE;,; = 0 for an isothermal 
process, 
Qn = Wi 


- { pav - = nary = - py, ( 
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Substitute numerical values and Q. =| 555) 


evaluate Qin: 


Heat Capacities of Gases and the Equipartition Theorem 


60 ° 


Picture the Problem We can find the number of moles of the gas from its heat capacity 


at constant volume using C\, = 3nR. We can find the internal energy of the gas from 


E,, = CyT and the heat capacity at constant pressure using C, =C, +nR. 


(a) Express Cy in terms of the C, =2nR 
number of moles in the monatomic 
gas: 
Solve for n: — 2Cy 
3R 
Substitute numerical values and —_ 2(49.8J/ K) ~|[ 3.99 
evaluate n: 3(8.314J/mol-K) — 
(b) Relate the internal energy of the Evy = CyT 
gas to its temperature: 
Substitute numerical values and Em = (49.8 J/K)(300 K) =|14.9kJ 
evaluate Ej, 
(c) Relate the heat capacity at C, =Cy +nR=5nR+nR=FnR 
constant pressure to the heat 
capacity at constant volume: 
Substitute numerical values and C, = §(3.99)(8.314 J/mol- K) 
evaluate Cp: =| 82.9J/K 


61 ° 

Picture the Problem The Dulong-Petit law gives the molar specific heat of a solid, c’. 
The specific heat is defined as c = c'/M where M is the molar mass. Hence we can use 
this definition to find M and a periodic table to identify the element. 


-Petit law: R 
(a) Apply the Dulong-Petit law: en ene 7 
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Solve for M: M= 3R 
Cc 
Substitute numerical values and 24.9 J/mol-K 
M =————_ = 55.72/mol 
evaluate M: 0.447 kJ/kg -K 55.7 g/mol 


Consulting the periodic table of the 


elements we see that the elementis 


most likely iron. 
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Picture the Problem The specific heats of air at constant volume and constant pressure 
are given by cy = Cy/m and cp = Cp/m and the heat capacities at constant volume and 
constant pressure are given by C,, = 3nR andC, =4nR, respectively. 


(a) Express the specific heats per fk Gy. (1) 
unit mass of air at constant volume vom 
and constant pressure: and 
Cc. 
Cp=— (2) 
m 
Express the heat capacities of a C, =3nR 
diatomic gas in terms of the gas and 
constant R, the number of moles n, Cre ZnR 
and the number of degrees of 
freedom: 
Express the mass of 1 mol of air: m=0.74M,, +0.26M 
Substitute in equation (1) to obtain: onR 


“v "3(0.74M,, +0.26M,, ) 
Substitute numerical values and evaluate cy: 
5(1mol)(8.314 J/mol - K) [Tierke-K | 
= =| 716 J/kg -K 
“v © 9]0.74{28 x10 kg) + 0.26(82x10™ kg)| 


Substitute in equation (2) to obtain: 7nR 


“  9(0.74M,, +0.26M, ] 
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Substitute numerical values and evaluate cp: 


7(1mol)(8.314J/mol-K) 
Cp = =3 = — 
2(0.74(28x10° kg)+0.26(32x10*kg)| 


1002 J/kg-K 


(b) Express the percent difference between the value from the Handbook of Chemistry 
and Physics and the calculated value: 


1.032J/g-K —1.002J/g-K _ 
1.032J/g-K 


% difference = 2.91% 


63. 
Picture the Problem We know that, during a constant-volume process, no work is done 
and that we can calculate the heat added during this expansion from the heat capacity at 
constant volume and the change in the absolute temperature. We can then use the first 
law of thermodynamics to find the change in the internal energy of the gas. In part (b), 
we can proceed similarly; using the heat capacity at constant pressure rather than 
constant volume. 


(a) The increase in the internal AE,,, = 3NRAT 

energy of the ideal diatomic gas is 

given by: 

Substitute numerical values and AE nt = (1mol)(8.315 J/mol- K)(300 K) 
evaluate AE int! =| 6.24kJ 

For a constant-volume process: W,, = [0] 

From the 1“ law of thermodynamics Q,, = AE —Won 

we have: 


Substitute numerical values and Q,, = 6.24kJ -0 =| 6.24kJ 


evaluate Qin: 


(b) Because AFj,: depends only on AE,,, =| 6.24kJ 


the temperature difference: 


Relate the heat added to the gas to Q,, =C,AT =(2nR+nR)AT = 2nRAT 
its heat capacity at constant pressure 
and the change in its temperature: 
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Substitute numerical values and 
evaluate Qin: 


Apply the first law of 
thermodynamics to find W: 


(c) Integrate dW,, = P dV to obtain: 


Substitute numerical values and 
evaluate Wo: 
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Q,, = (1mol)(8.314J/mol- K)(300K) 
=| 8.73kJ 


W,, = AE,,, —Q,, =8.73kJ —6.24kJ 
=| 2.49kJ 


Vi 
W,. = | Pav = P(V, -V,)= nR(T, -T,) 
V; 
W,, = (1mol)(8.314J/mol- K)(300K) 
=| 2.49kJ 


Picture the Problem Because this is a constant-volume process, we can use 
Q=C,AT to express Q in terms of the temperature change and the ideal-gas law for a 


fixed amount of gas to find AT. 
Express the amount of heat Q that 
must be transferred to the gas if its 
pressure is to triple: 

Using the ideal-gas law for a fixed 
amount of gas, relate the initial and 
final temperatures, pressures and 
volumes: 


Solve for Ty: 


Substitute and simplify to obtain: 
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Q=C,AT 
= 5 nR(T, -T,) 


PV _ 3PV 
TT; 
1, =31, 


Q = £nR(2T,)=5(nRT, )=| 5P,V 


Picture the Problem Let the subscripts i and f refer to the initial and final states of the 
gas, respectively. We can use the ideal-gas law for a fixed amount of gas to express V’ in 


terms of V and the change in temperature of the gas when 13,200 J of heat are transferred 
to it. We can find this change in temperature using Q=C,AT . 


Using the ideal-gas law for a fixed 
amount of gas, relate the initial and 


BY _ BM" 
ae: 


1 
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final temperatures, volumes, and 
pressures: 


Because the process is isobaric, we 
can solve for V’ to obtain: 


Relate the heat transferred to the gas 
to the change in its temperature: 


Solve AT: 


Substitute to obtain: 


Q=C,AT = SnRAT 


_ 2Q 
7nR 


Vi=v[14+—2 
7nRT, 


AT 


One mol of gas at STP occupies 22.4 L. Substitute numerical values and evaluate V’: 


V' = (22.4x10" m’) fu 
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7(1mol)(8.314J/mol-K)(273K) 


=| 59.6L 


2(13.2kJ) ) 


Picture the Problem We can use the relationship between Cp and Cy (C, =C, +nR) 


to find the number of moles of this particular gas. In parts (b) and (c) we can use the 


number of degrees of freedom associated with monatomic and diatomic gases, 


respectively, to find Cp and Cy. 

(a) Express the heat capacity of the 
gas at constant pressure to its heat 
capacity at constant volume: 

Solve for n: 

Substitute numerical values and 


evaluate n: 


(b) Cy for a monatomic gas is given 
by: 


C, =C, +nR 


29.1J/K 
n =—————-_ = 3.50 mol 
8.314J/mol-K | 3.50mol | 


C, =3nR 
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Substitute numerical values and Cy, =3(3.5mol)(8.314J/mol-K) 
evaluate Cy: ~| 43.6)/K 

Express Cp for a monatomic gas: C, =3nR 

Substitute numerical values and C, = §(3.5mol)(8.314J/mol-K) 
evaluate Cp: -~|72.73K 

(c) If the diatomic molecules rotate Cy, = 2nR = 3(3.5mol)(8.314J/mol-K) 


but do not vibrate they have 5 
degrees of freedom: 


II 


72.7 S/IK 


and 
C, = 4nR = 4(3.5mol)(8.314J/mol-K) 


- [1027] 
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Picture the Problem We can find the change in the heat capacity at constant pressure as 
CO, undergoes sublimation from the energy per molecule of CO, in the solid and gaseous 
states. 


Express the change in the heat AG 
capacity (at constant pressure) per 

mole as the CO, undergoes 

sublimation: 


P = Css ~ Co sotia 


Express C) a; in terms of the number C 
of degrees of freedom per molecule: 


= f(ENk)=3Nk 


because each molecule has three 
translational and two rotational degrees of 
freedom in the gaseous state. 


P,gas 


We know, from the Dulong-Petit k 

Law, that the molar specific heat of P,solid — veo x 3atoms = 9Nk 
most solids is 3R = 3Nk. This result 

is essentially a per-atom result as it 

was obtained for a monatomic solid 

with six degrees of freedom. Use 

this result and the fact CO; is 

triatomic to express Cp solia? 


Substitute to obtain: AG. =2Nk —18 Nk =| —13 Nk 
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Picture the Problem We can find the initial internal energy of the gas from 
U, =3nRT and the final internal energy from the change in internal energy resulting 


from the addition of 500 J of heat. The work done during a constant-volume process is 


zero and the work done during the constant-pressure process can be found from the first 


law of thermodynamics. 


(a) Express the initial internal 
energy of the gas in terms of its 
temperature: 


Substitute numerical values and 
evaluate Fini: 


(b) Relate the final internal energy 
of the gas to its initial internal 
energy: 


Express the change in temperature 
of the gas resulting from the 
addition of heat: 


Substitute to obtain: 


Substitute numerical values and 
evaluate Fine: 


(c) Relate the final internal energy 
of the gas to its initial internal 
energy: 


Apply the first law of 
thermodynamics to the constant- 
volume process: 


Substitute numerical values and 
evaluate Ein! 


E,,; = 2(1mol)(8.314J/mol-K)(273K) 


- [0] 


int,i 


Binet = Evi +AE.. = Bini +CyAT 
AT = Qin 
C 


Cy 
Eins = Eiinti a Cc. Q., 
P 


3nR 
E,,_¢ = 3-40kJ + 2—(500J)=| 3.70kJ 
3 3 R 
Ein = ing + AE in 
AE... = Qn + Won 


or, because W,, = 0, 
AE, = Q,, = 500 


Ex; =3.40kJ +500J = 
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Picture the Problem We can use C\y, wae. = f (¢ Nk ) to express Cy water and then count 


the number of degrees of freedom associated with a water molecule to determine f. 


Express Cy.water in terms of the Cre SF es Nk) 
SHEET Or cee tees ou Mecuonyee where f is the number of degrees of 
molecule: 


freedom associated with a water molecule. 


There are three translational degrees of freedom and three rotational 
degrees of freedom. In addition, each of the hydrogen atoms can vibrate 


against the oxygen atom, resulting in an additional 4 degrees of freedom 


(2 per atom). 


Substitute for f to obtain: Cc = 10( 1 Nk) =| 5Nk 
2 


V,water 


Quasi-Static Adiabatic Expansion of a Gas 
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Picture the Problem The adiabatic 
expansion is shown in the PV diagram. We 
can use the ideal-gas law to find the initial 
volume of the gas and the equation for a 
quasi-static adiabatic process to find the 
final volume of the gas. A second 
application of the ideal-gas law, this time 
at the final state, will yield the final 
temperature of the gas. In part (c) we can 
use the first law of thermodynamics to find 


the work done by the gas during this 


process. 

(a) Apply the ideal-gas law to ve nRT, 

express the initial volume of the BP 

gas: 

Substitute numerical values and ve (1mol)(8.314 J/mol- K)(273K) 
evaluate V;: j 101.3kPa 


10 atm x 
atm 


= 2.24x10° m? = 
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Use the relationship between the 
pressures and volumes for a quasi- 
static adiabatic process to express 
Ve: 


Substitute numerical values and 
evaluate V;: 


(b) Apply the ideal-gas law to 
express the final temperature of the 
gas: 


Substitute numerical values and 
evaluate Ty: 


(c) Apply the first law of 
thermodynamics to express the 
work done on the gas: 


Substitute numerical values and 
evaluate Wo: 


Because Why the gas = —Won: 


71 


p 
avy =av? =v, -¥/ 2 
P, 


(2atm)(5.88L) 
~ 8.206x10~ L- atm/mol-K 


=/|143K 


f 


Wor = AE int ~ Qin 
or, because the process is adiabatic, 


W,, = AE,,, =CyAT = 3nRAT 


W,, = 2(1mol)(8.314J/mol-K)(—130K) 
=-1.62kJ 


1.62 kJ 


by gas = 


Picture the Problem We can use the temperature-volume equation for a quasi-static 


adiabatic process to express the final temperature of the gas in terms of its initial 
temperature and the ratio of its heat capacitiesy. BecauseC, = C\, +nR, we can 


determine y for each of the given heat capacities at constant volume. 


Express the temperature-volume 


relationship for a quasi-static adiabatic 


process: 


Solve for the final temperature: 


igen 
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(a) Evaluate yforC,, =3nR: CG, _ 3nR 


Evaluate Ty: T, = (293K)(2)'" =| 465K 


(b) Evaluate y forC, =3nR: ye CG 5nR = 

C, §nR ° 
Evaluate Ty: T, = (293K)(2)"" =| 387K 
72° 


Picture the Problem We can use the temperature-volume and pressure-volume equations 
for a quasi-static adiabatic process to express the final temperature and pressure of the 
gas in terms of its initial temperature and pressure and the ratio of its heat capacities. 


Express the temperature-volume Ve Arye 
relationship for a quasi-static 
adiabatic process: 


Solve for the final temperature: aa ae 


Using y = 5/3 for neon, evaluate Ty: Le (293 K)(4)" = 


Express the relationship between the PV,” = BV,” 
pressures and volumes for a quasi- 
static adiabatic process: 


Solve for Px: ‘4 
4V; 
Substitute numerical values and P= (1atm)(4)” 3 —|410.1atm 


evaluate Py: 
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Picture the Problem We can use the ideal-gas law to find the initial volume of the gas. 
In part (a) we can apply the ideal-gas law for a fixed amount of gas to find the final 
volume and the expression (Equation 19-16) for the work done in an isothermal process. 
Application of the first law of thermodynamics will allow us to find the heat absorbed by 
the gas during this process. In part (b) we can use the relationship between the pressures 
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and volumes for a quasi-static adiabatic process to find the final volume of the gas. We 
can apply the ideal-gas law to find the final temperature and, as in (a), apply the first law 


of thermodynamics, this time to find the work done by the gas. 


Use the ideal-gas law to express the 
initial volume of the gas: 


Substitute numerical values and 
evaluate V;: 


(a) Because the process is 
isothermal: 


Use the ideal-gas law for a fixed 
amount of gas to express V;: 


Substitute numerical values and 
evaluate V;: 


Express the work done by the gas 
during the isothermal expansion: 


Substitute numerical values and 
evaluate Why gas: 


Noting that the work done by the 
gas during the process equals the 
negative of the work done on the 
gas, apply the first law of 
thermodynamics to find the heat 
absorbed by the gas: 


ve nRT, 
P 

pus (0.5mol)(8.314J/mol- K)(300K) 

: 400kPa 

= 3.12x10° m® =3.12L 

T, =T, =| 300K 
BY, _ PM, 

T, T, 
or, because T = constant, 
Vv, =v 

P 


V,= (rzn| Sore) : 


v 
Woy eas = NRT ny 
Woy gas = (0.5mol)(8.314J/mol- K) 
«(300% 20 
3121, 
=| 1.14kJ 
Q,, = AEi, —W,, = 0-(-1.14kJ) 
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(b) Using v= 5/3 and the 
relationship between the pressures 
and volumes for a quasi-static 
adiabatic process, express V5: 


Substitute numerical values and ” 

. V, =(3.12L) ae | 2 eae 
evaluate V;: f 160kPa 
Apply the ideal-gas law to find the T= BY, 
final temperature of the gas: ‘ “”R 
Substitute numerical values and T= (160 kPa)(5.41x 10° m’) 
evaluate T;: ' ~ (0.5mol)(8.314J/mol-K) 

=| 208K 

For an adiabatic process: OQ. = 
Apply the first law of W,,, = AE, —Q,, = CyAT —0 = 2nRAT 
thermodynamics to express the work 
done on the gas during the adiabatic 
process: 
Substitute numerical values and W,, = 2(0.5mol)(8.314J/mol -K) 
evaluate Won: x (208 K -300K) 


=-574J 


Because the work done by the gas Way gos = -(- 574 J) —|574J 


equals the negative of the work done 
on the gas: 
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Picture the Problem We can use the ideal-gas law to find the initial volume of the gas. 
In part (a) we can apply the ideal-gas law for a fixed amount of gas to find the final 
volume and the expression (Equation 19-16) for the work done in an isothermal process. 
Application of the first law of thermodynamics will allow us to find the heat absorbed by 
the gas during this process. In part (b) we can use the relationship between the pressures 
and volumes for a quasi-static adiabatic process to find the final volume of the gas. We 
can apply the ideal-gas law to find the final temperature and, as in (a), apply the first law 
of thermodynamics, this time to find the work done by the gas. 
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Use the ideal-gas law to express the 
initial volume of the gas: 


Substitute numerical values and 
evaluate V;: 


(a) Because the process is isothermal: 


Use the ideal-gas law for a fixed 
amount of gas to express V;: 


Substitute numerical values and 
evaluate Ty: 


Express the work done by the gas 
during the isothermal expansion: 


Substitute numerical values and 
evaluate Why gas: 


Noting that the work done by the gas 
during the isothermal expansion 
equals the negative of the work done 
on the gas, apply the first law of 
thermodynamics to find the heat 
absorbed by the gas: 


(b) Using y= 1.4 and the relationship 
between the pressures and volumes 
for a quasi-static adiabatic process, 
express V5: 


1403 


V2 nRT, 
P 
es (0.5mol)(8.314J/mol- K)(300K) 


: 400kPa 
= 3.12x10° m*? =3.12L 


> 


or, because T = constant, 
P 

V.=V2 
P, 


V; -@.21( ) =| 7.80L 


160kPa 
V, 
Woy gas = ear 
Woy gas = (0.5mol)(8.314J/mol- K) 
x (300K) of 200 
3.12L 


- [1a] 
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Substitute numerical values and evaluate 400kPa ae 
Ve V, =(3.12L) =| 6.00L 
e 160kPa 
Apply the ideal-gas law to express T= BY, 
the final temperature of the gas: '  nR 
Substitute numerical values and T= (160 kPa)(6 x10~ m’) 
evaluate Ty: * ~ (0.5mol)(8.314J/mol- K) 
=| 231K 
For an adiabatic process: 0. = /0 
Apply the first law of W,,, = AE. —Q,, = CyAT —0 =2nRAT 
thermodynamics to express the work 
done on the gas during the adiabatic 
expansion: 
Substitute numerical values and Won = 5(0.5mol)(8.314 J/mol - K) 
evaluate Won: x (231K — 300 K) 
= —717]J 


Noting that the work done by the Woy gas =—-(-7175)=| 7175 


gas during the adiabatic expansion is 
the negative of the work done on the 
gas, we have: 
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Picture the Problem We can eliminate the volumes from the equations relating the 
temperatures and volumes and the pressures and volumes for a quasi-static adiabatic 
process to obtain a relationship between the temperatures and pressures. We can find the 
initial volume of the gas using the ideal-gas law and the final volume using the pressure- 
volume relationship. In parts (d) and (c) we can find the change in the internal energy of 
the gas from the change in its temperature and use the first law of thermodynamics to 
find the work done by the gas during its expansion. 


(a) Express the relationship between Ty ery 
temperatures and volumes for a 
quasi-static adiabatic process: 
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Express the relationship between PV, =BV," (1) 
pressures and volumes for a quasi- 
static adiabatic process: 


Eliminate the volume between these P aE 
7 f 
two equations to obtain: T, =T, 


Substitute numerical values and 


—_—- 
latm | ” 
evaluate T;: T, = (500 K}| - | =| 263K 


(b) Solve equation (1) for Vs: py) 
Vv, =v 
f 
Apply the ideal-gas law to express we nRT, 
Vi: ee :| 
Substitute numerical values and Ve (0.5mol)(8.314 J/mol-K)(500 K) 
evaluate V;: nae 101.3kPa 
atm 
=4.10L 


Substitute for V; and evaluate V;: 


(d) Relate the change in the internal AE,, = CyAT = $nRAT 
energy of the helium gas to the 
change in its temperature: 


Substitute numerical values and AE,,, = 2(0.5mol)(8.314 J/mol- K) 
evaluate AEjni: x (263 K—-—500 K) 

=| —1.48kJ 
(c) Use the first law of Won = AB in — Qin = AE, — 0 = ABin 


thermodynamics to express the work 
done on the gas: 


Substitute numerical values and W,,, = —1.48kJ 
evaluate Won: 
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Because the work done by the gas Way gas = —Won = —(-1.48 kJ ) 
equals the negative of Won: 
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Picture the Problem Consider the process to be accomplished in a single compression. 
The initial pressure is 1 atm = 101 kPa. The final pressure is (101 + 482) kPa = 583 kPa, 
and the final volume is 1 L. Because air is a mixture of diatomic gases, %;, = 1.4. We can 
find the initial volume of the air using PV,” = P,V, and use Equation 19-39 to find the 


work done by the air. 


Express the work done in an We PV. =F.¥, 
adiabatic process: y-1 


Use the relationship between 
pressure and volume for a quasi- 
static adiabatic process to express 
the initial volume of the air: 


Substitute numerical values and 583kPa ia 
evaluate V;: V,= ( (ee = 3.50L 
Substitute numerical values in equation (1) and evaluate W: 

w —_{l01kPa)(3.5x10m?)-(583kPa)(l0°m’) _-— 


1.4-1 
where the minus sign tells us that work is done on the gas. 
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Picture the Problem We can integrate PdV using the equation of state for an adiabatic 
process to obtain Equation 18-39. 


Express the work done by the gas “ 
cnn ae Woy gas = | PAV 
during this adiabatic expansion: y Bas 


vi 
For an adiabatic process: PV” =constant =C (1) 
and 
P=CV* 
Substitute and evaluate the integral “2 C 
) : Wry gos =C(V%aV = —_(v37 -v7) 
to obtain: yer 2 1-7 
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From equation (1) we have: CV. SPV, ad CV, =Py, 
Substitute to obtain: 7 PV — PV’ _ PV,’ —P,V 
by gas 1 _ y y = 1 ? 


which is Equation 18-39. 
Cyclic Processes 
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Picture the Problem To construct the PV diagram we’ ll need to determine the volume 
occupied by the gas at the beginning and ending points for each process. Let these points 
be A, B, C, and D. We can apply the ideal-gas law to the starting point (A) to find Va. To 
find the volume at point B, we can use the relationship between pressure and volume for 
a quasi-static adiabatic process. We can use the ideal-gas law to find the volume at point 
C and, because they are equal, the volume at point D. We can apply the first law of 
thermodynamics to find the amount of heat added to or subtracted from the gas during 
the complete cycle. 


(a) Using the ideal-gas law, express V.= nRT, 
the volume of the gas at the starting . Pe 
point A of the cycle: 


Substitute numerical values and V.= (1mol)(8.314J/mol- K)(293K) 
evaluate Va: = Saeaite 101.3kPa 
atm 

=481L 

Use the relationship between P ; 
= A 

pressure and volume for a quasi- Va = Vx P. 

static adiabatic process to express ‘ 

the volume of the gas at point B; the 

end point of the adiabatic expansion: 

Substitute numerical values and bath ia 

evaluate Vp: V3 = (sen 22 =15.2L 

Using the ideal-gas law for a fixed Ve nRT, 

amount of gas, express the volume ° > B 


occupied by the gas at points C and 
D: 
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Substitute numerical values and ee (1mol)(8.314J/mol- K)(293K) 
evaluate Vc: - atk 101.3kPa 
atm 
= 24.0L 
The complete cycle is shown in the 7 si 0 
diagram. ; 
4 
3 
2 { 
1 > 
Cc 
V,L 
0 20. 25 


(b) Note that for the paths A+B and B->C, Why ¢;, the work done by the gas, is 
positive. For the path DA, Why gas is negative, and greater in magnitude than 
Wa>c. Therefore the total work done by the gas is negative. Find the area enclosed 
by the cycle by noting that each rectangle of dotted lines equals 5 atm-L and 
counting the rectangles: 


101. 
Wyy gas © —(13rectangles)(5 atm - L/rectangle) = (- 65atm - uf o **) 
atm: L 
=| —6.58kJ 
(c) The work done on the gas equals Q., = AE,,, -Wo. =9- (- 6.58kJ ) 


the negative of the work done by the =| 658k] 


gas. Apply the first law of 
thermodynamics to find the amount because AE in. = 0 for the complete cycle. 
of heat added to or subtracted from 


the gas during the complete cycle: 


(d) Express the work done during WeW FW Wea Wk 
the complete cycle: 


Because A->B is an adiabatic process: PVE PVE. 


y-1 


W 


A>B 
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Substitute numerical values and 
evaluate Wa_,p: 


B->C is an isobaric process: 


C-D is a constant-volume process: 


D— A is an isobaric process: 


Substitute to obtain: 


#79 oe 


_ (Satm)(4.82L)—(Latm)(15.2L) 


W = 
aed i eal 
=(22.3atm-L) => 
atm: L 
= 2.25kJ 
Wa yc = PAV 
= (latm)(24.0L -15.2L 
(latm)( ) 
= (8.80atm- Le ) 
atm: L 
= 0.891kJ 
Wop =90 


Wyo, = PAV = (Satm)(5L—24L) 
<4 


= (-95.0atm- uf 
atm-L 


= —9.62kJ 


W = 2.25kJ + 0.891kJ + 0—9.62kJ 
=| —6.48kJ 


Note that our result in part (b) agrees with 
this more accurate value to within 2%. 


Picture the Problem The total work done as the gas is taken through this cycle is the 


area bounded by the two processes. Because the process from 1—>2 is linear, we can use 


the formula for the area of a trapezoid to find the work done during this expansion. We 


can use W. 


isothermal process 


= nRT In(V, / 4) to find the work done on the gas during the 


process 2—>1. The total work is then the sum of these two terms. 


Express the net work done per cycle: 


Work is done by the gas during its 
expansion from 1 to 2 and hence is 
equal to the negative of the area of 
the trapezoid defined by this path 
and the vertical lines at V; = 11.5 L 
and V> = 23 L. Use the formula for 
the area of a trapezoid to express 


Wrotal = W..2 +Wy 1 (1) 
W142 = =e 
= —1(23L-11.5L)(2atm +1atm) 
=—-17.3L-atm 
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W152! 


Work is done on the gas during the 
isothermal compression from V> to 
V, and hence is equal to the area 
under the curve representing this 
process. Use the expression for the 
work done during an isothermal 
process to express W>_,;: 


Apply the ideal-gas law at point 1 to find the temperature along the isotherm 21: 


PV | (2atm)(11.5L) 


= = 280K 
nR — (imol)(8.206x10~ L-atm/mol-K) 


T= 


Substitute numerical values and evaluate W>_,;: 


=15.9L-atm 


2>1 


W, = |(1mol)(8.206 x10 L- atm/mol- K)(280 Ko 42) 


Substitute in equation (1) and Wie, = —17.3L-atm+15.9L-atm 


evaluate Wet! ee 101.325] 


=| 142) 


Remarks: The work done by the gas during each cycle is 142 J. 


atm 


80 ee 
Picture the Problem We can apply the ideal-gas law to find the temperatures T;, T2, and 
T;. We can use the appropriate work and heat equations to calculate the heat added and 
the work done by the gas for the isothermal process (12), the constant-volume process 
(2-3), and the isobaric process (3-1). 
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(a) The cycle is shown in the diagram: sb hae 
, 3 
Z ~~ 4 
| 
| | A 
| 
. t 2 
| 
‘| | 
: + V,L 
0 1 2 3 4 
(c) Use the ideal-gas law to find T,: T= PV, 
af 
nR 


(2atm)(2L) 
(2mol)(8.206x10~ L -atm/mol- K) 


Because the process 1—>2 is isothermal: T, =| 24.4K 


Use the ideal-gas law to find T3: T= PY, 
> nR 
_ (2atm)(4L) 
(2mol)(8.206 x10 L -atm/mol-K 
=| 48.7K 
(b) Because the process 1—>2 is V, 
isothermal, Qin2 = Woy gas,1>2: Qh, eater Woy ee a Vv, 


Substitute numerical values and evaluate Qin1-52: 


4L 
Qi, 152 = (2mol)(8.314J/mol- K)(24.4)o SE) = 


Because process 2—>3 takes place at Wi [9] 
constant volume: 
Because process 2-43 takes place at Qinoo3 = AE into 53 =CyAT = 3nR(T, —-T,) 


constant volume, Won2-53 = 0, and: 


Substitute numerical values and evaluate Qin>_,3: 
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Q,,2 53 = 4(2mol)(8.314J/mol -K)(48.7 K —24.4K)=| 606] 
Because process 3—>1 is isobaric: Q, , =C,AT =2nR(T, —-T,) 


Substitute numerical values and evaluate Q3_,;: 


Q,,, = £(2mol)(8.314J/mol- K)(24.4K — 48.7 K)= 


The work done by the gas from 3 to Woy gas31 = ~P,3AV =P. (V, -V;) 
1 equals the negative of the work 
done on the gas: 


Substitute numerical values and Weg = (2 atm)(2 L—-4 L) 
evaluate Why gas,3-92: 
ys _ -(-4atm-1) 22232) 
atm-L 
=| 405J 
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Picture the Problem We can find the temperatures, pressures, and volumes at all points 
for this ideal monatomic gas (3 degrees of freedom) using the ideal-gas law and the work 
for each process by finding the areas under each curve. We can find the heat exchanged 
for each process from the heat capacities and the initial and final temperatures for each 
process. 


Express the total work done by the Wyy castor = Wasa t+ Wap +Weoc + Wop 
gas per cycle: 


1. Use the ideal-gas law to find the _ nRT, 

volume of the gas at point D: 7 PS 
_ (2mol)(8.314J/mol-K)(360K) 
~~ (2atm)(101.3kPa/atm) 


= 29.5L 
2. We’re given that the volume of V3 =Vo =3V, 
the gas at point B is three times that = 88.6L 


at point D: 


Use the ideal-gas law to find the pressure of the gas at point C: 
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nRT, _ (2mol)(8.206x107 L-atm/mol- K)(360K) 


P = = 
Cc Vv. 


We’re given that the pressure at 
point B is twice that at point C: 


3. Because path DC represents an 
isothermal process: 


Use the ideal-gas law to find the 
temperatures at points B and A: 


Because the temperature at point A 
is twice that at D and the volumes 
are the same, we can conclude that: 


The pressure, volume, and 
temperature at points A, B, C, and D 
are summarized in the table to the 
right. 


4. For the path D>A, W,,_,, =0 


and: 


= 0.667 atm 


88.6L 


P, = 2P, = 2(0.667 atm) =1.33atm 


T, =T. =360K 
PY, 

T, =T, === 

A B nR 


7 (1.333atm)(88.6L) 
~ (2mol)(8.206x107 L-atm/mol-K ) 
= 720K 


P, = 2P, = 4atm 


Point P V T 


(atm) | @) | 


4 29.5 | 720 


88.6 | 720 


0.667 | 88.6 | 360 


DIO |W |p 
— 
wo 
ics) 


2 29.5 | 360 


Qpoa = AE int, DoA — 3NRAT, 
= 3nR(T, -T, ) 


Substitute numerical values and evaluate Qp_,a: 


Qy.4 = 3(2mol)(8.314J/mol-K)(720K — 360K) =8.98k] 


For the path A>B: 


W, op =Qa 43 = NRT) 5 if 


A 


Substitute numerical values and evaluate Wa_,p: 


W,_,x =(2mol)(8.314 J/mol -K)(720 Kn % = 


88.6 L 


=13.2kJ 
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and, because process AB is isothermal, AE;,, ,,3 = 9 
For the path BC, W,,,. =0, and: Qs 4c =AUg,- =CyAT =2nR(T, -T,) 


Substitute numerical values and evaluate Qp_,c: 


Qssc = 2(2mol)(8.314J/mol - K)(360K — 720K) = -8.98kJ 


For the path C>D: 
q Wop = NRT, In Vb 
iy Vv 


Substitute numerical values and evaluate Wc_,p: 


W..,p =(2mol)(8.314J/mol - K)(960%) 29.5L 
88.6L 


) =-6.58kJ 


C+D 


Also, because process A—>B is isothermal, AE; . ,3 = 0, and 


Qesp = We p = -6.58kI 


Qin, Won, and AF int are Summarized 


for each of the processes in the table Process Qin Won | AE int 
to the right. (kJ) (kJ) (kJ) 
DoA 0 8.98 
AB 13.2 -13. 0 
2 
B>C —8.98 0 -8.9 
8 
C+D —6.58 6.58 0 
Referring to the table, find the total Woo = Wosa t+Wa op tWesc t Woop 
work done by the gas per cycle: =0+4+13.2kJ+0-6.58kJ 


-[5e2i| 


Remarks: Note that, as it should be, AE;,; is zero for the complete cycle. 
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Picture the Problem We can find the temperatures, pressures, and volumes at all points 
for this ideal diatomic gas (5 degrees of freedom) using the ideal-gas law and the work for 
each process by finding the areas under each curve. We can find the heat exchanged for 
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each process from the heat capacities and the initial and final temperatures for each 
process. 


Express the total work done by the gas W,y castor = Wasa t+ Wap +We sc + Wop 


per cycle: 


1. Use the ideal-gas law to find the 
volume of the gas at point D: Pe 
_ (2mol)(8.314J/mol -K)(360K) 
~~ (2atm)(101.3kPa/atm) 


= 29.5L 
2. We’re given that the volume of the V3 =V. =3Vp 
gas at point B is three times that at point =88.6L 


D: 
Use the ideal-gas law to find the pressure of the gas at point C: 


p _ MRT. _ (2mol)8.206x10” L -atm/mol: K{360K) 
a 


Ve 88.6L 


= 0.667 atm 


We’re given that the pressure at point B is PB, =2P.= 2(0.667 atm) =1.33atm 
twice that at point C: 


3. Because path DC represents an Th =[, =360K 
isothermal process: 


Use the ideal-gas law to find the T=<—T= PV 
temperatures at points B and A: OE. aR 
7 (1.333atm)(88.6 L) 
~ (2mol)(8.206 x10 L-atm/mol- K) 


= 720K 
Because the temperature at point A is P, = 2P, = 4atm 
twice that at D and the volumes are the 
same, we can conclude that: 
The pressure, volume, and temperature Point P V T 
at points A, B, C, and D are summarized (atm) | (L) | (K) 
in the table to the right. A 4 29.5 | 720 
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B 1.33 | 88.6 | 720 
88.6 | 360 
D 2 29.5 | 360 


‘@) 
= 
D 
n 
NI 


4. For the path D>A, W,_,, =0 and: 


Qn = AGS sx = 3nRAT,, , 9 = SnR(Ty -T,) 
= §(2mol)(8.314J/mol- K)(720K —360K) 
=15.0kJ 


For the path A>B: 


Wasp = Qeg = mR ys nf 2 = (2mol)(8.314 J/mol-K (720 Kf 


A 


88.6L 
29.5L 


=13.2kJ 


and, because process A—>B is isothermal, AE... ._,. 


=0 
For the path B>C, W,, ,. =0 and: 


Qp yc = AU, ¢ = CAT = SnR(T, -T, )= $(2mol)(8.314J/mol-K)(360K —720K) 
=-15.0kJ 


For the path C>D: 


V; 29.5L 
Wosp =MRTop nf = (2mol)(8.314J/mol - K)(360 Kyo eee = -6.58kJ 


Gc 


Also, because process AB is isothermal, AE; 
Qep = Wesp = —6.58k] 


nt,A>B = Oand 


Qin, Won, and AEjn are Summarized for 


each of the processes in the table to Process Qin Won | AE int 


the right. (kJ) (kJ) | (kJ) 


D>A 15.0 0 | 15.0 


A>B 13.2 —13.2 0 


B>oc | [150 0 | -15.0 


C>D |/_—6.58|]| 658 | 0 
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Referring to the table and noting that the work done by the gas equals the negative of 
the work done on the gas, find the total work done by the gas per cycle: 


Woy gastor =Wo sa +Wa sp tWooc +Wo yp =04+13.2kI +0-6.58kI =| 6.62k) 


Remarks: Note that AF; for the complete cycle is zero and that the total work done 
is the same for the diatomic gas of this problem and the monatomic gas of problem 
81. 


rs 

Picture the Problem We can use the equations of state for adiabatic and isothermal 
processes to express the work done on or by the system, the heat entering or leaving the 
system, and the change in internal energy for each of the four processes making up the 
Carnot cycle. We can use the first law of thermodynamics and the definition of the 
efficiency of a Carnot cycle to show that the efficiency is 1 — Q./ Qh. 


(a) The cycle is shown on the PV ; 
diagram to the right: PL 
P, 
Pj —— — 
P, 
(b) Because the process 1-2 is AE int 152 = 9 
isothermal: 
Apply the first law of 7 7 7 ; V, 
thermodynamics to obtain: Q, = Q..2 = Wi nRT, In Vv. 
1 
(c) Because the process 3—>4 is AU, ,, =9 


isothermal: 
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Apply the first law of 
thermodynamics to obtain: 


(d) Apply the equation for a quasi- 
static adiabatic process at points 4 
and 1 to obtain: 


Solve for the ratio V/V: 


Apply the equation for a quasi-static 
adiabatic process at points 2 and 3 to 
obtain: 


Solve for the ratio V>/V3: 


Equate equations (1) and (2) and 
rearrange to obtain: 


(e) Express the efficiency of the 
Carnot cycle: 


Apply the first law of 
thermodynamics to obtain: 


Substitute to obtain: 


Q. = Q3..4 =W3,4 =nRT, of 2) 


3 
=| —nRT,|n Va 
Vv, 


where the minus sign tells us that heat is 
given off by the gas during this process. 


nya 


Vv, (vT.\" 
es ee ee 1 
%-(%) () 


eA 
2 [F (2) 
3 h 


Won = AE int cycle = Q 


Ll 


=0-(Q,-Q.)=-(Q, - 2.) 
because E;,,; is a state function and 
AE. =0. 


int, cycle 


ee Wis sibs = —W. 
Q, Q, 


(f) In part (b) we established that: 


In part (c) we established that the 
heat leaving the system along the 
path 3-4 is given by: 


Divide the second of these equations 
by the first to obtain: 


Remarks: This last result establishes that the efficiency of a Carnot cycle is also 


T 
iven byé,. =1-—. 
g VEC T, 
General Problems 
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Picture the Problem The isobaric process 
is shown on the PV diagram. We can 
express the heat that must be supplied to 
gas in terms of its heat capacity at constant 
pressure and the change in its temperature 
and then use the ideal-gas law for a fixed 
amount of gas to relate the final 
temperature to the initial temperature. 


Relate Q;, to Cp and AT: 


Use the ideal-gas law for a fixed 
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V. 
Q, =nRT, In| + 
h h V, 
Q. =nRT. In V5 
V4 
nRT_ In | 
oo V, 
2h nRT, In ta le 
v, 
Rooms = = im 
vy. 
Pry \ 
\ 
\ \ 
\ % 
ee, 
% Mee 
[ Ss | 
= 
| ee | T, = 300K 
50100 150 200 
Q, = C,AT = Ca i= 5 nR(T, T,) 
Ei ead 
i 2 


amount of gas to relate the initial 
and final volumes, pressures, and 
temperatures: 


Solve for Ty: 


or, because the process is isobaric, 


77, 
T, =“L7 Ea 
v,' 50L 
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Substitute to obtain: Q,, = 3 nR(4T, = 32) = 2 nRT, 
Substitute numerical values and Q,, =+£(3mol)(8.314J/mol-K)(300K) 
evaluate Q;,: —|56.1kJ 
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Picture the Problem We can use the first law of thermodynamics to relate the heat 
removed from the gas to the work done on the gas. 


Apply the first law of Oe Ae ge Wag WN 
thermodynamics to this process: because AE, = 0 for an isothermal process. 
Substitute numerical values to obtain: Q,, = —180kJ 

Because Qremoved = —Qin: Qi emoved = 

*86 ° 


Picture the Problem We can find the number of moles of the gas from the expression for 
the work done on or by a gas during an isothermal process. 


Express the work done on the gas V; 
W =nRT In| — 
during the isothermal process: 
Solve for n: ae W 
RT In a 
V, 
Substitute numerical values and ie —180kJ 
eae (8.314J/mol-K)(293 Kn) 
=| 45.9 mol 
87 


Picture the Problem We can use the ideal-gas law to find the temperatures T, and Tc. 
Because the process EDC is isobaric, we can find the area under this line geometrically 
and the first law of thermodynamics to find Qasc. 
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(a) Using the ideal-gas law, find the 
temperature at point A: 


Using the ideal-gas law, find the 
temperature at point C: 


(b) Express the work done by the gas 
along the path AEC: 


(c) Apply the first law of 
thermodynamics to express Qagc: 


PV, 
T= A‘A 
“nR 
_ (4atm)(4.01L) 
(3mol)(8.206x10? L -atm/mol-K) 
=| 65.2K 
PY, 
T. = —_Cc'c 
“mR 
(1atm)(20L) 


(3mol)(8.206x10~ L -atm/mol- K) 


-[2K | 


Ware = Wag t+ Wee = 0+ PecAVic 
= (1atm)(20L — 4.01L) 


=16.0L-atmx _ 


=| 1.62kJ 


Qaec = Ware + AE in = Ware + CyAT 
=Warct 3nRAT 
=Warct 3nR(T, _ 7) 


‘atm 


Substitute numerical values and evaluate Qagc: 


Qyro = 1.62kJ + 3(3mol)(8.314 J/mol-K)(81.2K —65.2K) = 


Remarks The difference between Wagc and Qagc is the change in the internal energy 


AE in arc during this process. 
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Picture the Problem We can use the ideal-gas law to find the temperatures T, and Tc. 


Because the process AB is isobaric, we can find the area under this line geometrically. 


We can use the expression for the work done during an isothermal expansion to find the 


work done between B and C and the first law of thermodynamics to find Qagc. 
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(a) Using the ideal-gas law, find the T = PAV 
temperature at point A: - nR 
_ (4atm)(4.01L) 
(3mol)(8.206x10~ L - atm/mol- K) 
=| 65.2K 
Use the ideal-gas law to find the T= BMG 
temperature at point C: “  nR 
(1atm)(20L) 


(3mol)(8.206x10~ L -atm/mol- K) 


- [2K | 


(b) Express the work done by the Wasc = Wap +Wac 
as along the path ABC: 
Brae = P,,AV,, +nRT, In ae 


B 
Use the ideal-gas law to find the volume of the gas at point B: 


fn (3mol)(8.206 x10 L - atm/mol- K)(81.2K) 
es eee 


Bs 4atm 


=5.00L 


Substitute to obtain: 


Wane = (4atm)(5L—4.01L)+(3mol)(8.206x 107 L-atm/mol- K )(81.2 Kl = ) 


101.3] 
= 31.7L-atm~x =| 3.21kJ 
a 


(c) Apply the first law of Qasc = Wasc + AF in = Wase + CVAT 
thermodynamics to obtain: = Ware + $nRAT 


= Wage + nR(T- ~ T,) 


Substitute numerical values and evaluate Qapc: 


Quec = 3.21kJ + 3(3mol)(8.314 J/mol- K)(81.2 K —65.2K) = 


Remarks: The difference between Wagc and Qagc is the change in the internal 
energy AEF intanc during this process. 
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Picture the Problem We can use the ideal-gas law to find the temperatures T, and Tc. 
Because the process DC is isobaric, we can find the area under this line geometrically. 
We can use the expression for the work done during an isothermal expansion to find the 
work done between A and D and the first law of thermodynamics to find Qapc. 


(a) Using the ideal-gas law, find the T BY. 
A 


temperature at point A: nR 
(4atm)(4.01L) 
(3mol)(8.206x10™ L -atm/mol-K 


-[ 2K | 


Use the ideal-gas law to find the T PV. 
temperature at point C: nR 


(1atm)(20L) 
(3mol)(8.206x 10 L-atm/mol-K 


-[2K] 


(b) Express the work done by the Wapc =Wap +Woc 
gas along the path ADC: 


7 
=nRT, nf 7 + Py AVoc 


A 


Use the ideal-gas law to find the volume of the gas at point D: 


—2 
V, = nRT, _ (3mol)(8.206 x10 L -atm/mol-K )(65.2K) gai: 
P, latm 
Substitute numerical values and evaluate Wapc: 
Wane = (3mol)(8.206x 107 L -atm/mol-K)(65.2K)In} 
4.01L 
+ (latm)(20L -16.1L) 
= 26.2L-atmx 9? 9 65k 
L-atm 
(c) Apply the first law of Qapc = Wane + AF in, = Wane + CyAT 
thermodynamics to obtain: = Wane + $nRAT 


= Wapc + 3 nR(T- — Z,) 
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Substitute numerical values and evaluate Qapc: 


Qaye = 2.65kJ + 3(3mol)(8.314J/mol-K )(81.2K —65.2K) = 
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Picture the Problem We can use the ideal-gas law to find the temperatures T, and Tc. 


Because the process AB is isobaric, we can find the area under this line geometrically. 


We can find the work done during the adiabatic expansion between B and C using 
Wac = —C\ AT, and the first law of thermodynamics to find Qazc. 


The work done by the gas along 
path ABC is given by: 


Use the ideal-gas law to find Ta: 


Use the ideal-gas law to find Tp: 


Use the ideal-gas law to find Tc: 


Apply the pressure-volume 
relationship for a quasi-static 
adiabatic process to the gas at 
points B and C to find the 
volume of the gas at point B: 


Wasc = Wap + Wace 
= PypAVag — CyAT gc 
= P,pAVa, — 5 NRAT,¢ 
because, with Qin = 0, Wac = —AEintBc. 


PV 
Th = nR 
7 (4atm)(4.01L) 
~ (3mol)(8.206x10~ L - atm/mol-K 
= 65.2K 
P3Ve 
ee nR 
_ (4atm)(8.71L) 
~ (3mol)(8.206x107 L-atm/mol-K) 
=142K 
= BWVo 
Tc nR 
_ (1atm)(20L) 
~ (3mol)(8.206x10~ L- atm/mol- K) 
=81.2K 


P3V5 = Pe 


and 
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=| 25] ye | SL or) 
F 4atm 


=2.7 11, 
Substitute numerical values and evaluate Wapc: 


Wane = (4atm)(8.71L — 4.01L)—3(3mol)(8.206x107 L-atm/mol-K) 
x (81.2K -142K) 


101.325J 
= 41.3L-atmx—_——_ = [ 4.18KJ | 
atm 


Apply the 1* law of Qasc = Wapc + AF in = Wage + CyAT 
thermodynamics to obtain: = Wage + 2nRAT 


= Wage + = nR(T, ~ T,) 
Substitute numerical values and evaluate Qagc: 


Qane = 4.18kJ + 3(3mol)(8.314J/mol-K)(81.2K —65.2K) = 
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Picture the Problem We can find c at T = 4 K by direct substitution. Because c is a 
function of T, we’ll integrate dQ over the given temperature interval in order to find the 
heat required to heat copper from 1 to 3 K. 


(a) Substitute for a and b to obtain: c= (0.0108 J/kg - K?)T 
+(7.62x10~ Jhkg-K*)T° 


Evaluate c at T= 4 K: c(4K)=(0.0108J/kg-K?)(4K) 
+(7.62x10" Jikg -K*)(4K) 


=| 9.20x107 J/kg -K 


(b) Express and evaluate the integral of Q: 


= jean = (0.0108,/eg x°) frat +(7.62x10" J/kg: K*) [rear 
' 1K 


T, K 


3K 3K 
=(001081%g-4°)| +(7.52«10-shg:°)| = | 0.0584 J/kg | 


1K 1K 
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Picture the Problem We can use the first law of thermodynamics to relate the heat 
escaping from the system to the amount of work done by the gas and the change in its 
internal energy. We can use the expression for the work done during an isothermal 
process to find the temperature along the isotherm. 


Apply the first law of Qin = AE nt — Won 
thermodynamics to this isothermal 
process: 
For an isothermal process: AB = 
Substitute to obtain: Wo a-Oee| idea 4.184J 
on in cal 
=711J 
Because Wpy gas = —Won: Wyy eas =| — 7115 
Express the work done during an V. 
oe : Woy gas = MRT In| 
isothermal process: s 
Solve for T = T; = Tr: T= Wy gas 
nR In us 
v, 
Substitute numerical values and T= —711J 
luate T: L 
aca (2mol)(8.314J/mol-K)In| © 
18L 
=| 52.7K 
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Picture the Problem Let the subscripts 1 and 2 refer to the initial and final values of 
temperature, pressure, and volume. We can relate the work done on a gas during an 
adiabatic process to the pressures and volumes of the initial and final points on the path 
PY, =2 AL 
y-1 
diatomic gas, y= 1.4. Once we’ve determined P, we can use the ideal-gas law to find T; 


using W = and find P; by eliminating P, using PV,’ = P,V;, where, for a 


and the first law of thermodynamics to find T>. Finally, we can apply the ideal-gas law a 
second time to determine P). 


Heat and the First Law of Thermodynamics 


Relate the work done on a gas 
during an adiabatic process to the 
pressures and volumes of the initial 
and final points on the path: 


Using the equation for a quasi-static 
adiabatic process, relate the initial 
and final pressures and volumes: 


Substitute to obtain: 


Solve for P;: 


Substitute numerical values and 
evaluate P;: 


Use the ideal-gas law to find T;: 


Apply the first law of 
thermodynamics to obtain: 


Solve for and evaluate T>: 


_ BY, — BW, 
y-1 


W, 


on 
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pe (-8203)(1.4—1) - [4764 a | 


je (47.6kPa)(18L) 

*~ nR (2mol)(8.314J/mol-K) 
=|51.5K 

AE nt = Qn Was 


or, because Q;, = 0 for an adiabatic process, 


AE int = Won = CYAT = SnR(T, -T,) 


Wan 
T, =f, Sas 
3nR 
=51.5K aucun 


=| 71.2K 


5(2mol)(8.314J/mol-K) 
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Use the ideal-gas law to find Py: _ nkRT, 


(2 mol)(8.314 J/mol-K)(71.2K) 
8L 


- [148k | 
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Picture the Problem Let the subscripts 1 and 2 refer to the initial and final state 
respectively. Because the gas is initially at STP, we know that V, = 22.4 L, P; = 1 atm, 
and T; = 273 K. We can use W = —nRT In(V, /V,) to find the work done on the gas 
during an isothermal compression. We can relate the work done on a gas during an 
adiabatic process to the pressures and volumes of the initial and final points on the path 
PV, =F AL 
y-1 


using W = and find P; by eliminating P, using PV,’ = P,V,’, where, for a 


diatomic gas, vy = 1.4. 


(a) Express the work done on the V; 
; pela W,,, =—nRT In| — 
gas in compressing it isothermally: on 


Find the number of moles in 30 g of — 30g 
CO (M = 28 g/mol): 28¢/mol 


Substitute numerical values and evaluate W,,: 


Wo, = -(1.07mol}@.314s/mol-K)273K in| =) =| 3.91kJ 


(b) Express the work done on the We ee PY,=EV, 
gas in compressing it adiabatically: = y-1 
P 
el 7 iy 
7 P, 
=I 
Using the equation for a quasi-static P vo 
adiabatic process, relate the initial "1 202 V 
1 2 


and final pressures and volumes: 
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Substitute for P,/P,and simplify to obtain: 


y-1 y-1 y-1 


Substitute numerical values and evaluate W,,: 


1.4 
We ou ie ul) 22 an) 29) ) 549k 
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Picture the Problem Let the subscripts 1 and 2 refer to the initial and final state 
respectively. Because the gas is initially at STP, we know that V, = 22.4 L, P; = 1 atm, 
and T, = 273 K. We can use W = —nRT In(V, /V,) to find the work done on the gas 
during an isothermal compression. We can relate the work done on a gas during an 
adiabatic process to the pressures and volumes of the initial and final points on the path 


PV, — BV, 
—1 


using W = and find P, by eliminating P, using PV,” = P,V; . We can find v 


using the data in Table 19-3. 


(a) Express the work done on the V. 
, ed W,,, =—nRT In| + 
gas in compressing it isothermally: me f 
Find the number of moles in 30 g of = 308 ~ 0.682 mol 
CO, (M = 44 g/mol): 44g/mol 


Substitute numerical values and evaluate W,,: 


W,, =—(0.682 mol)(@.314Jimol-K)(273K in| = =| 2.49kJ 


(b) Express the work done on the W =- EV = BN; 
gas in compressing it adiabatically: 


1430 Chapter 18 
Using the equation for a quasi-static P V, . 
adiabatic process, relate the initial 
and final pressures and volumes: 
Substitute for P,/P, and simplify to obtain: 
Y Y ia 

V, V,) Y, V, 
BlV.-|}¥,| BlYy-|2] 2] Byj1-0.2) > 

V; V,) 5 V;, 

= A 


Yell 


From Table 18-3 we have: Cy =3.39R 


and 
cp = (3.39+1.02)R = 4.41R 


Evaluate 7 ye cp _ 4.41R 1.30 


c, 3.39R 


Substitute numerical values and evaluate W,,: 


(101.3kPa)(0.682 mol)(22.4L/mol)(1-0.2(5)"*) 
W. = =| 3.20kJ 
on 1.3-1 [3.20kI | 
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Picture the Problem Let the subscripts 1 and 2 refer to the initial and final states 
respectively. Because the gas is initially at STP, we know that V, = 22.4 L, P; = 1 atm, 
and T, = 273 K. We can use W = —nRT In(V, /V,) to find the work done on the gas 
during an isothermal compression. We can relate the work done on a gas during an 


adiabatic process to the pressures and volumes of the initial and final points on the path 
PV, —P. AL 


using W = and find P; by eliminating P, using PV,’ = P,V,;’, where, for a 


monatomic gas, v= 1.67. 


(a) Express the work done on the V. 
; ‘sss W,,, =—nRT In| = 
gas in compressing it isothermally: oP : 
Find the number of moles in 30 g of —— 30g = (750 ni0l 
Ar (M = 40 g/mol): 40 g/mol 


Substitute numerical values and evaluate W,,: 
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Nl 
W,,, = —(0.75mol)(8.314 J/mol - K )(273K )In) — | =| 2.74kJ 
= (0.75moI)(8.314./mol-K)(273K inf =) 


(b) Express the work done on the gas W =- PV, BY; 
in compressing it adiabatically: - y-1 
P 
el 7 ‘¥) 
_ P 
y-1 
. . i_ . iG 
Using me equation for a Gilast static a BR Vv, 
adiabatic process, relate the initial 1 262 V 
1 2 


and final pressures and volumes: 


Substitute for P;/P, and simplify to obtain: 


y-1 7 y-1 7 y-1 


Substitute numerical values and evaluate W,,: 


1.67 
Ww, = bie) (07a 224 al 02) iz rare: 
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Picture the Problem We can use conservation of energy to relate the final temperature to 
the heat capacities of the gas and the solid. We can apply the Dulong-Petit law to find the 
heat capacity of the solid at constant volume and use the fact that the gas is diatomic to 
find its heat capacity at constant volume. 


Apply conservation of energy to this AQ=0 
process: or 
Cy gos(T; 100K) —Cy, .oig(200K —T, ) = 0 
Solve for Tr T = (100 K)(C\ gas )+ (200 K\(Cy sora) 
Cy gas + Cy sata 
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Using the Dulong-Petit law, Cy solid = SNR 

determine the heat capacity of the = 3(2 mol)(8.3 14J/mol- K) 

solid at constant volume: =49.9J/K 

Determine the heat capacity of the Cys = FR 

gas at constant volume: =3 1mol)(8.3 14J/mol- K) 
= 20.8J/K 


Substitute numerical values and evaluate T;: 


T= (100 K )(20.8 J/K)+ (200 K)(49.9 JK) _ 


20.8J/K + 49.9 J/K 
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Picture the Problem We can express the work done during an isobaric process as the 
product of the temperature and the change in volume and relate Q to AT through the 
definition of Cp. Finally, we can use the first law of thermodynamics to show that AE int = 
C,AT. 


For an ideal gas, the internal energy is the sum of the kinetic energies of the 
(a) | gas molecules, which is proportional to kT. Consequently, U is a function 
of T only and AE,,, = C\AT. 


(b) Use the first law of AF int = Qin + Won 
thermodynamics to relate the work 

done on the gas, the heat entering the 

gas, and the change in the internal 

energy of the gas: 


At constant pressure: Wives = P(V, -V,) = nR(T, — ") = nRAT 
and 
Wo = Way gas = —NRAT 

Relate Qi, to Cp and AT: Q,, = C,AT 

Substitute to obtain: AE, = CpAT —nRAT 


=(C, -nR)AT = 
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Picture the Problem We can use Q,, = CAT = 3nRAT to find Q,, for the constant- 


volume process and Q,, = C, AT = 3nRAT to find Q;, for the isobaric process. The 


Vi 
work done by the gas is given by W = | PdV. Finally, we can apply the first law of 

V, 
thermodynamics to find the change in the internal energy of the gas from the work done 
on the gas and the heat that enters the gas. 


(a) The heat added to the gas Q,, =3nRAT 
during this process is given by: 


Substitute numerical values and evaluate Q,, = 3(1mol)(8.314 J/mol - K)(300 K) 


Qin: = 3.74 kJ 
For a constant-volume process: Wes =|0 
Apply the 1° law of AE = Qa + Won (1) 


thermodynamics to obtain: 


Substitute for Qin and Won in AE,,, = 3-74kJ +0 =| 3.74kJ 

equation (1) and evaluate AE in: 

(b) Relate the heat absorbed by the Q,, =C,AT = }nRAT 

gas to the change in its = 5(1mol)(8.314J/mol-K)(300K) 


temperature: 6.24kJ 


For a constant-pressure process 4 
that begins at temperature T; and Woy tregas = J os ae PUY, -V,) 
ds at t ture T;, th k 
ends at tempera ae ;, the wor = nR(T, -T,) 
done by the gas is given by: : 
Substitute numerical values and Wi xtiews = (1mol)(8.3 14J/mol- K)(300 K) 
evaluate Woy the gas: =| 2.49kJ 
Apply the 1* law of AE in = Won + Qu 


thermodynamics to express the 
change in the internal energy of 
the gas during this isobaric 
expansion: 
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Because the Why gas = —Won: AEy = Wy the gas Q, 


Substitute numerical values and AE,,, =—2.49 kJ +6.24kJ =| 3.75kJ 


evaluate AEFint: 


Remarks: Because AE;,, depends only on the initial and final temperatures of the 
gas, the values for AE;,, for Part (a) and Part (b) should be they same. They differ 
slightly due to rounding. 
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Picture the Problem We can use Q;, = CpAT to find the change in temperature during 
this isobaric process and the first law of thermodynamics to relate W, Q, and AE in. We 
canuse AE,,, = 3nRAT to find the change in the internal energy of the gas during the 


isobaric process and the ideal-gas law for a fixed amount of gas to express the ratio of the 
final and initial volumes. 


(a) Relate the change in temperature AT = Qin _ Qin 
to Q;, and Cp and evaluate AT: C, ZnR 
_ 500J 
7(2mol)(8.314J/mol-K) 
=| 8.59K 
(b) Apply the first law of W,, = AE, -Q,, = CVAT -Q,, 
thermodynamics to relate the work = nRAT -Q,, 
done on the gas to the heat supplied 
and the change in its internal 
energy: 
Substitute numerical values and W,, = £(2mol)(8.314 J/mol -K)(8.59K ) 
evaluate Won: —500J 
=-143J 
Because Why gas = —Won: Woy gas = 143] 
(c) Using the ideal-gas law for a PY, _ PY; 
fixed amount of gas, relate the £ E 
initial and final pressures, volumes or, because the process is isobaric, 
and temperatures: V,_V, 


tae 


Solve for and evaluate V;/V;: 
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Picture the Problem Knowing th 


data we need to plot this graph by 
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Vv, _T, _T,+AT 
v Tt 7, 
_ 293.15K+8.59K _ 103 
293.15K 


e rate at which energy is supplied, we can obtain the 
finding the time required to warm the ice to 0°C, melt 


the ice, warm the water formed from the ice to 100°C, vaporize the water, and warm the 


water to 110°C. 


Find the time required to warm the 


ice to O°C: 


Find the time required to melt the 


Find the time required to heat the 
water to 100°C: 


Find the time required to vaporize 
the water: 


Find the time required to heat the 
vapor to 110°C: 


_ mce,,,.AT 
Pp 
(0.1kg)(2kJ/kg -K)(10K) 
100J/s 


At, 


= 20.0s 


(0.1kg)(333.5kJ/kg ) 
100J/s 


ice: _ mL, 
P 


= 333.58 


At 


2 


_ me, AT 
Pp 
(0.1kg)(4.18kJ/kg -K)(100K) 
100J/s 


At 


3 


= 418s 


(0.1kg)(2257 kJ/kg) 


= mLy = 
100J/s 


P 
= 2257s 


MCoeamAl 
P 
(0.1kg)(2kJ/kg-K)(10K) 


100 J/s 


At. = 


5 


= 20s 
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The temperature T as a function of 
time t is shown to the right: 
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TC 


110F 
100F <2 7 


0 
0h \ 


——s 
3028.5 


3048.5 


Picture the Problem We know that, for an adiabatic process, Q;, = 0. Hence the work 


done by the expanding gas equals the change in its internal energy. Because we’re given 


the work done by the gas during the expansion, we can express the change in the 


temperature of the gas in terms of this work and Cy. 


Express the final temperature of the 
gas as a result of its expansion: 


Apply the equation for adiabatic 
work and solve for AT: 


Substitute and evaluate T;: 
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Picture the Problem Because P;V; = 4P,V; 
and V; = V;/2, the path for which the work 
done by the gas is a minimum while the 
pressure never falls below P; is shown on 
the adjacent PV diagram. We can apply the 
first law of thermodynamics to relate the 
heat transferred to the gas to its change in 
internal energy and the work done on the 
gas. 


T, =T, + AT 
Weaicieae = —C,AT 
and 
AT = W aiabatic = W aiabatic 
Cy 3nR 
T=T- adiabatic 
f i SnR 
~ 300K 3.5kJ 
5 (2mol)(8.314J/mol- K) 
=| 216K 
\ 
\ 
P \ ; 
8P,- — = —* 
\ % 
\ Na 
% i ‘\ ~ = 
\ ~ 
\ 
‘ a 
P, = a 
. 
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Using the first law of AE nn = Qin + Won 
thermodynamics, relate the heat 

transferred to the gas to its change in 

internal energy and the work done 


on the gas: 
Solve for Qin: Q,, = AE —Won 
Express the work done during this Wax = Wicobaric process a WY congtate volume 
process: = PAV +0= P(4V,-V,) 
=$PV, = 3nRT =4RT 
because n = 1 mol. 
Express AE;,; for the process: AE, = GyAT = 3nRAT = 3nR(GT) 
=3RT 
because n = 1 mol. 
Substitute to obtain: Q,, =2RT-14RT = 
104 « 


Picture the Problem We can solve the ideal-gas law for the dilute solution for the 
increase in pressure and find the number of solute molecules dissolved in the water from 
their mass and molecular weight. 


Solve the ideal gas law for P to p= NkT 

obtain: V 

Express the number of solute _ _ mN, 
N=nN, = 

molecules N in terms of the number M 


of moles n and Avogadro’s number 
and then express the number of 
moles in terms of the mass of the 
salt and its molecular mass: 


Substitute to obtain: _ mN ,kT 


Substitute numerical values and evaluate P: 


(30g)(6.022 x10” particles/mol)(1.381x10~° J/K)(297K 


) 6 2 
=|1.27x10°N 
(58.4g/mol)(10? m?) | “ss 


Pe 
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Picture the Problem Let the subscripts 1 and 2 refer to the initial and final states in this 
adiabatic expansion. We can use an equation describing a quasi-static adiabatic process to 
express the final temperature as a function of the initial temperature and the initial and 
final volumes. 


Using the equation for a quasi-static Ly Sst" 
adiabatic process, relate the initial 


and final volumes and temperatures: 


Solve for and evaluate T>: 
T, = f, 


106° 

Picture the Problem We can simplify our calculations by relating Avogadro’s number 
Na, Boltzmann’s constant k, the number of moles n, and the number of molecules N in the 
gas and solving for Nak. We can then calculate U3o9 x and Ugoo x and their difference. 


Express the increase in internal ROE ae CU ao 
energy per mole resulting from the 
heating of diamond: 


Express the relationship between ARNE = Re N k =N,k 
Avogadro’s number Na, n 
Boltzmann’s constant k, the number 

of moles n, and the number of 

molecules N in the gas: 

Substitute in the given equation to U 3RT, 


obtain: 


Determine U309 x: 3(8.314J/mol-K)(1060 K) 


Usox = el060K/300K 
=| 795J 
Determine Usoo x: 3(8.314J/mol- K )(1060 K ) 
Usoox = 1060K/600K _ 4 


e 


=| 5.45kJ 
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Substitute to obtain: 
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Picture the Problem The isothermal 
expansion followed by an adiabatic 
compression is shown on the PV diagram. 
The path 1—2 is isothermal and the path 
2-3 is adiabatic. We can apply the ideal- 
gas law for a fixed amount of gas and an 
isothermal process to find the pressure at 
point 2 and the pressure-volume 
relationship for a quasi-static adiabatic 
process to determiney. 


(a) Relate the initial and final 
pressures and volumes for the 
isothermal expansion and solve for 
and evaluate the final pressure: 


(b) Relate the initial and final 
pressures and volumes for the 
adiabatic compression: 


Take the natural logarithm of both 
sides of this equation and solve for 
and evaluate 7: 


1439 


AU = Usoox —Usnox = 5-45kI - 7955 


=| 4.66kJ 


P. Ve = P. V3 
or 
1 P (av, )’ =1.32P,V" 


which simplifies to 


2’ =2.64 
yIn2=1n2.64 
and 
7 In2.64 1.40 
In2 


. the gas is diatomic. 


In the isothermal process, T is constant, and the translational kinetic energy 
Cc 
is unchanged. 


In the adiabatic process, T, =1.32T,, and the translational kinetic energy 


increases by a factor of 1.32. 
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Picture the Problem In this problem the specific heat of the combustion products 
depends on the temperature. Although Cp increases gradually from (9/2)R per mol to 
(15/2)R per mol at high temperatures, we’ll assume that Cp = 4.5R below T = 2000 K and 
Cp = 7.5R above T = 2000 K. We’ll also use R = 2.0 cal/mol-K. We can find the final 
temperature following combustion from the heat made available during the combustion 
and the final pressure by applying the ideal-gas law to the initial and final states of the 


gases. 


(a) Relate the heat available in this 
combustion process to the change in 
temperature of the triatomic gases: 


Solve for T; to obtain: 


Express Q available to heat the gases 
above 2000 K: 


Express the energy released in the 
combustion of 1 mol of benzene: 


Noting that there are 3 mol of H,O 
and 6 mol of COs, find the heat 
required to form the products at 
100°C: 


Find Q required to heat 9 mol of gas 
to 2000 K: 


Q,vailable = nC,AT 
=n(7.5R)(T, -T,) 


= Qa vailable Fis fy (1) 


‘7.5nR | 


Qavailable =} 6 ae ~ Osetia 2000K 


(2) 
-_ nest CO, Oca 


Qatcased = + (1516 kcal) = 758kcal 


Queam =NM ,c,AT+nM , Ly 
= (3mol)(18 g/mol) 
x(1cal/g-K)(373K —300K) 
+ (3mol)(18g/mol)(540cal/g) 
= 33.10kcal 


and 
Qheat Co, = nC,AT = 4,5nRAT 


= 4.5(6 mol) (2 cal/mol- K) 
x (373K — 300K) 
= 3.942 kcal 


Qo molto 200K = NCPAT = 4.5nRAT 
= 4.5(9 mol)(2cal/mol: K) 
x (2000 K — 373K) 
= 43.93 kcal 
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Substitute in equation (2) to obtain: 


Substitute in equation (1) and 
evaluate Ty: 


Apply the ideal-gas law to express 
the final volume in terms of the final 
temperature and pressure: 


(b) Apply the ideal-gas law to relate 
the final temperature, pressure, and 
volume to the number of moles in 
the final state: 


Apply the ideal-gas law to relate the 
initial temperature, pressure, and 
volume to the number of moles in 
the initial state: 


Divide the first of these equations by 
the second and solve for Py: 


Find the initial volume V; occupied 
by 8.5 mol of gas at 300 K and 1 
atm: 


Q.vailable = 728 kcal —131.79 kcal 
—3.94 kcal — 33.10 kcal 


= 589.2 kcal 
= 589.2 kcal + 2000K 
7.5(9mol)(2 cal/mol- K) 
=| 6364K 
vie nRT; 
P, 
_ (9mol)(8.314J/mol- K )(6364K) 
101.3kPa 
- 
PY, =n, RT; 
PY, =n,RT, 
PY, _ n,RT, 
PY, RT, 
or, because T; = T;, 
ny \V; 
V, = (22.4L/mol)(8.5 mol) as 
273K 


= 209.2L 
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Substitute numerical values in P= | 10 1skva)| 9mol 2 ‘| 


equation (3) and evaluate V;: 8.5mol }\ 4700L 
=4.774kPax— 
101.325kPa 
=| 0.0471atm 
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Picture the Problem In this problem the specific heat of the combustion products 
depends on the temperature. Although C> increases gradually from (9/2)R per mol to 
(15/2)R per mol at high temperatures, we’ll assume that Cp = 4.5R below T = 2000 K and 
Cp = 7.5R above T = 2000 K. We can find the final temperature following combustion 
from the heat made available during the combustion and the final pressure by applying 
the ideal-gas law to the initial and final states of the gases. 


(a) Apply the ideal-gas law to find pe nRT, 

the pressure due to 3 mol at 300 K a. 

in the container prior to the reaction: (3mol)(8. 314J/mol- K)(300 K) 
7 80L 
=| 93.5kPa 

(b) Relate the heat available in this AE int = Quvailable 

adiabatic process to Cy and the =C, (T, = T,) 

change in temperature of the gases: 

Because T > 2000 K: C, =C, —nR =n(7.5R)—nR = 6.5nR 

Substitute to obtain: Oana = 6.5nR(T; = T,) 

Solve for T; to obtain: Te Oana 7 (1) 

6.5nR 
Find Q required to raise 2 mol of One = CAT 


CO, to 2000 K: 


For T < 2000 K: Cy =C, —nR = n(4.5R)—nR =3.5nR 
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Substitute for Cy and find the heat Os, co, = 3.5nRAT 


required to warm to CO, to 2000 K: 7 3.5(2 mol)(8.314J/mol K) 
x (2000 K —300K) 


= 98.94kJ 
Find Q available to heat 2 mol of Q vailable = 200 kJ —98.94kJ 
CO, above 2000 K: = 461.1kJ 
Substitute in equation (1) and 461.1kJ 


+ 2000K 


f 


~ 6.5(2mol)(8.314J/mol-K) 


-[ 256K | 


Apply the ideal-gas law to relate the P.V, =n, RT, 
final temperature, pressure, and 


evaluate Ty: 


volume to the number of moles in 
the final state: 


Apply the ideal-gas law to relate the PV, =n,RT, 
initial temperature, pressure, and 

volume to the number of moles in 

the initial state: 


Divide the first of these equations by PV: _ Mh RT, 
the second and solve for Py: PV, = n,RT, 


or, because V; = Vj, 


n, \ T, 
P= Pl | 2 
ELE) e 


Substitute numerical values in 
B= (oa saura 22) S255K) 


equation (2) and evaluate Py: 3mol }\ 300K 
=|1.30MPa 

c) Substitute numerical values in 2mol \{ 273K 

Sik Bs(9x53 kPa) |e 

equation (2) and evaluate P; for 3mol }\ 300K 

T; = 273 K: 


=| 56.7kPa 
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Picture the Problem The molar heat capacity at constant volume is related to the internal 
/ 1dU 
energy per mole according toc, = ndT . We can differentiate U with respect to 
n 
temperature and use nR = Nk or R = Nak to establish the result given in the problem 


statement. 

From Problem 106 we have, for the _ 3N ,kT, 
internal energy per mol: ert _4 
Relate the molar heat capacity at / _1dU 
constant volume to the internal vn dT 


energy per mol: 


Use Cy = wae to express cae 
VO aa Vv" 
n dT 


. 1 d [3N,kT, d 1 -1 d (rir 
cy =——| —A—= | = 3RT, —| ———_| =3RT,| ———_; | le” -1 
% yea 2 -alarS| eondca ) 
= 2 T;/T 
a e"(-%)]- an 7) —_ 
(eX =i) T T eleiT a4 
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Picture the Problem We can rewrite our expression for oe by dividing its numerator and 


denominator by e™/T and then using the power series for e* to show that, for T > Tz, 
Cy * 3R. In part (b), we can use the result of Problem 103 to obtain values for c, every 


100 K between 300 K and 600 K and use this data to find AU numerically. 


(a) From Problem 110 we have: T.\  ek/t 
E 
Cy =3R ; 
) er) 
Divide the numerator and | ap Te 1 
denominator by e”*/" to obtain: acs T e2k/T _deh/T 4.4 
ol /T 


2 
‘ae 1 
7 an T em/T_ 24 e hit 


Heat and the First Law of Thermodynamics 


Apply the power series expansion to 
obtain: 


Substitute to obtain: 


(b) Use the result of Problem 110 to 
verify the table to the right: 


eke/T 


-2+e%/" 


+..-24+1- 


1 = 
aeeeEd 


Siyctes 
T 2 


T, 


T 


2 
Sea ela ee 
T 2\T 
2 
(2) for T > T, 
T 


T Cy 
(K) | (J/mol-K) 
300 9.65 
400 14.33 
500 17.38 
600 19.35 
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The following graph of specific heat as a function of temperature shown to the right was 


plotted using a spreadsheet program: 


Cy (J/mol-k) 


350 


400 


450 
T (kK) 


500 


550 


600 
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Integrate numerically, using the formula for the area of a trapezoid, to obtain: 


AU =4(100K)(9.65+14.33)J/mol- K +4(100K)(14.33+17.38)J/mol-K 
+4(100K)(17.38+19.35)J/mol-K 


a result in good agreement (< 1% difference) with the result of Problem 106. 


112 eee 

Picture the Problem In (a) we’! assume that r= f (A/V, T, k, m) with the factors 
dependent on constants a, b, c, and d that we’ ll find using dimensional analysis. In (b) 
we'll use our result from (a) and assume that the diameter of the puncture is about 2 mm, 
that the tire volume is 0.1 m’, and that the air temperature is 20°C. 


(a) Express r= f (A/V, T, k, m): AY 7 

r=|—| (T)"(k)“(m)* (1) 
V 
Rewrite this equation in terms of the MI2 \ 
ae aul r=(Ly"(s){ ME] (ny 

dimensions of the physical quantities TK 

to obtain: 
where K represents the dimension of 
temperature. 

Simplify this dimensional equation T’ = L°K?’M‘°L*K “TM? 

to obtain: or 


T! _ LK mM ct Te 


Equate exponents to obtain: T: -2c=1, 
L: 2c-—a=0, 
K: b-c=0, 
and 
M:c+d=0 

Solve these equations G55 

simultaneously to obtain: a=-l, 
b=-4 


Heat and the First Law of Thermodynamics 


Substitute in equation (1): (4 
T —4 


(b) Substitute numerical values and evaluate r. 


0.1m? (1.293kg/m°)(0.1m?) 
a 7x 10° m)’ | (8.314J/mol-K)(293K) eal 
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Chapter 19 
The Second Law of Thermodynamics 


Conceptual Problems 


1 ° 
Determine the Concept Friction reduces the efficiency of the engine. 


*? e 

Determine the Concept As described by the second law of thermodynamics, more heat 
must be transmitted to the outside world than is removed by a refrigerator or air 
conditioner. The heating coils on a refrigerator are inside the room—the refrigerator 
actually heats the room it is in. The heating coils on an air conditioner are outside, so the 
waste heat is vented to the outside. 


3 e 
Determine the Concept Increasing the temperature of the steam increases the Carnot 
efficiency, and generally increases the efficiency of any heat engine. 


4 eo 
Determine the Concept To condense, water must lose heat. Because its entropy change 
is given by dS = dQte/T and dQrey is negative, the entropy of the water decreases. 


(c) is correct. 


#5 * 
Determine the Concept 


(a) Because the temperature changes during an adiabatic process, the internal energy of the 
system changes continuously during the process. 


(b) Both the pressure and volume change during an adiabatic process and hence work is 
done by the system. 


(c) AQ = 0 during an adiabatic process. Therefore AS = 0. | (c) is correct. | 


(d) Because the pressure and volume change during an adiabatic process, so does the 


temperature. 

6 eco 

(a) False. The complete conversion of mechanical energy into heat is not prohibited by 
either the 1“ or 2" laws of thermodynamics and is common place in energy 


transformations. 


b) True. This is the heat-engine statement of the 2™ law of thermodynamics. 
g y! 
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(c) False. The efficiency of a heat engine is a function of the thermodynamic processes of 
its cycle. 


(d) False. With the input of sufficient energy, a heat pump can transfer a given quantity of 
heat from a cold reservoir to a hot reservoir. 


(e) False. The only restriction that the refrigerator statement of the 2" law places on the 
COP is that it can not be infinite. 


(f) True. The Carnot engine, as a consequence of its thermodynamic processes, is 
reversible. 


(g) False. The entropy of one system can decrease at the expense of one or more other 
systems. 


h) True. This is one statement of the 2™ law of thermodynamics. 
y 


7 ee 

Determine the Concept The two 
paths are shown on the PV diagram 
to the right. We can use the concept 


of a state function to choose from \ 
among the alternatives given as P, i he 


possible answers to the problem. ; AAD 


(a) Because E;,, is a state function and the initial and final states are the same for the two 
paths and AEF... , = AE in. - 
(b) and (c) S, like E;,,, is a state function and its change when the system moves from one 
state to another depends only on the system’s initial and final states. It is not dependent 
on the process by which the change occurs and AS, = AS,,. 


(d) | (d) is correct. 
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*B ee 
Determine the Concept The processes 
A-B and CD are adiabatic; the 
processes BC and D—A are isothermal. 
The cycle is therefore the Carnot cycle 
shown in the adjacent PV diagram. 


9 oo 


Determine the Concept Note that AB is an adiabatic expansion. BC is a constant 


volume process in which the entropy decreases; therefore heat is released. CD is an 


adiabatic compression. D—A is a constant volume process that returns the gas to its 
original state. The cycle is that of the Otto engine (see Figure 19-3). 


10. 
Determine the Concept Refer to Figure 
19-3. Here ab is an adiabatic 
compression, so S is constant and T 
increases. Between b and c, heat is added 
to the system and both S and T increase. 
c—>d is again isentropic, i.e., without 
change in entropy. d—a releases heat and 
both S and T decrease. The cycle on an ST 
diagram is sketched in the adjacent figure. 


11 
Determine the Concept Referring to Figure 
19-8, process 1—2 is an isothermal 
expansion. In this process heat is added to 
the system and the entropy and volume 
increase. Process 2—>3 is adiabatic, so S is 
constant as V increases. Process 3—>4 is an 
isothermal compression in which S 
decreases and V also decreases. Finally, 
process 4—>1 is adiabatic, i.e., isentropic, 
and S is constant while V decreases. The 
cycle is shown in the adjacent SV diagram. 


Ww 
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12 eo 
Picture the Problem The SV diagram of the Otto cycle is shown in Figure 19-13. (see 
Problem 9) 


13. ee 
Determine the Concept Process AB is 
at constant entropy, i.e., an adiabatic 
process in which the pressure increases. 
Process B->C is one in which P is 
constant and S decreases; heat is exhausted 
from the system and the volume decreases. 
Process CD is an adiabatic compression. 
Process D—A returns the system to its 


original state at constant pressure. The 
cycle is shown in the adjacent PV diagram. 


*14 

Picture the Problem Let AT be the change in temperature and 

€= (T, — T,)/Ty be the initial efficiency. We can express the efficiencies of the Carnot 
engine resulting from the given changes in temperature and examine their ratio to decide 
which has the greater effect on increasing the efficiency. 


If T, is increased by AT, é, the new ie ya aa ied 
efficiency is: T, + AP 
If T, is reduced by AT, the efficiency fis Tet ear 
is: i. 
Divide the second of these equations ye ete 
by the first to obtain: oF Tr _1T,+AT = 
ge 1,+AT-T. T, 
Dot AT 


Therefore, a reduction in the temperature of the cold reservoir by AT 
increases the efficiency more than an equal increase in the temperature 


of the hot reservoir. 
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Estimation and Approximation 


15 ee 

Picture the Problem The maximum efficiency of an automobile engine is given by the 
efficiency of a Carnot engine operating between the same two temperatures. We can use 
the expression for the Carnot efficiency and the equation relating V and T for a quasi- 
static adiabatic expansion to express the Carnot efficiency of the engine in terms of its 
compression ratio. 


Express the Carnot efficiency of an ie 
engine operating between the Eo =1- T. 
temperatures T, and T): " 
Relate the temperatures T, and T;, to 7 Ve = TV 


the volumes V, and V, for a quasi- 
static adiabatic compression from V, 
to V;: 


Solve for the ratio of T, to T;: 


Substitute to obtain: y-1 
Vi 
€, =1-|— 
iF 
Express the compression ratio r: V 
r=— 
Vi, 
Substitute once more to obtain: 1 
oe eres] 
r 
Substitute numerical values for r and 1 ; 
y(1.4 for diatomic gases) and Ec =1- ag = 0.565 =| 56.5% 


evaluate &: 
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Picture the Problem If we assume that the temperature on the inside of the refrigerator 
is O°C (273 K) and the room temperature to be about 30°C (303 kK), then the refrigerator 
must be able to maintain a temperature difference of about 30 K. We can use the 
definition of the COP of a refrigerator and the relationship between the temperatures of 


the hot and cold reservoir and 2, and Q, to find an upper limit on the COP of a 
household refrigerator. In (b) we can solve the definition of COP for Q, and differentiate 


the resulting equation with respect to time to estimate the rate at which heat is being 
drawn from the refrigerator compartment. 


(a) Using its definition, express the : 
COP of a household refrigerator: COP = (1) 
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Apply the 1° law of W+Q = 2, 
thermodynamics to the refrigerator ° 
to obtain: 
Substitute for W and simplify to 1 
obtain: COP = Q = 
|Q,|- 2. Ql, 
Q. 
Assume, for the sake of finding the Q,| T 
upper limit on the COP, that the “eo 
refrigerator is a Carnot refrigerator c c 
and relate the temperatures of the 
hot and cold reservoirs to la, and 
Qe: 
Substitute to obtain: il 
COP... = 

thy 

ie 
Substitute numerical values and 1 
evaluate COP yax: COP a= 303K - =| 9.10 

273K 
(b) Solve equation (1) for Q,: Q. = W(COP) (2) 
Differentiate equation (2) with dQ. 7 dw 
respect to time to obtain: ae (CoP) 
Substitute numerical values and dQ. 
evaluate dQ,/dt: dt = (9.10)(600 J/s) =| 5.46kW 
17 ee 


Picture the Problem We can use the definition of intensity to find the total power of 
sunlight hitting the earth and the definition of the change in entropy to find the changes in 
the entropy of the earth and the sun resulting from the radiation from the sun. 


(a) Using its definition, express the P 
intensity of the sun’s radiation on iS A 
the earth in terms of the power 

delivered to the earth P and the 

earth’s cross sectional area A: 


Solve for P and substitute for A to P = JA= InR’ 
obtain: where R is the radius of the earth. 
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Substitute numerical values and p= n(1.3kW eae (6.37 x10° m) 
evaluate P: 
=| 1.6610" W 
(b) Express dSearin/dt for the earth dS corth P 
due to the flow of solar radiation: dt = 
earth 

Substitute numerical values and 1.66 x10" W 
evaluate AS carth/ dt: earth — 290K 

=| 5.72x10"“J/K-s 
(c) Express dS,,,/dt for the sun due dS,,, . P 
to the outflow of solar radiation dt ae 
hitting the earth: — 
Substitute numerical values and dS 1.66x10'7 W 
evaluate dS,,,/dt: dt  —¢ A0N0K 

=| 3.07x10°J/K-s 
18 eo 


Picture the Problem We can use the definition of intensity to find the total power 
radiated by the sun and the definition of the change in entropy to find the change in the 
entropy of the universe resulting from the radiation of 10" stars in 10" galaxies. 


(a) Using its definition, express the P 
intensity of the sun’s radiation on [= A 
the location of earth in terms of the 
total power it delivers to space P 
and the area of a sphere A whose 
radius is the distance from the sun to 
the earth: 
Solve for P and substitute for A to P=IJA=47 IR’ 
obtain: where R is the distance from the sun to the 
earth. 
Substitute numerical values and p= 4n(1.3kW ine )u.s x10" m)" 
evaluate P: 
=| 3.68x10° W 
b E ASuniverse! P 
(b) Express AS = 


universe 
Tiga 
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Substitute numerical values and 10 (3.68 x10 w) 
evaluate ASuniverse: A universe = e 73 K 


=|1,85«10™ J/K +s 


19 ee 

Picture the Problem We can use the definition of entropy change to estimate the 
increase in entropy of the universe as a result of the heat produced by a typical human 
body. The entropy change is equivalent to the entropy change if the heat from the body 
were added to the universe reversibly. 


Express the increase in entropy of AQiay  AQuight 
the universe as a result of the heat AS, = T T 
produced by a human body: day neh 
Using the definition of power, AQ = PAt 
express the total heat produced by a 
human body: 
Assume that half of the heat is AQ aay = AQ ithe = +PAt 
produced during the day and half at 
night: 
Substitute to obtain: 1PAt +PAt 
AS, =*-— +2 
Tagg “en 
1 1 
=+PAt + 
i Line 

Use T = 8(t, —32)+ 273 to obtain: Teay = 294 K and Thign = 286 K 


Substitute numerical values and evaluate AS,;: 


AS, = 4(100J/s)(24h/d)(3600 sin sz + a =| 29.8kJ/K 
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Picture the Problem If you had one molecule in a box, it would have a 50% chance of 
being on one side or the other. We don’t care which side the molecules are on as long as 
they all are on one side, so with one molecule you have a 100% chance of it being on one 
side or the other. With two molecules, there are four possible combinations (both on one 
side, both on the other, one on one side and one on the other, and the reverse), so there is 
a 25% (1 in 4) chance of them both being on a particular side, or a 50% chance of them 
both being on either side. Extending this logic, the probability of N molecules all being 
on one side of the box is P = 2/2”, which means that, if the molecules shuffle 100 times a 


second, the time it would take them to cover all the combinations and all get on one side 
N 


or the other is t = 5 00) . In (e) we can apply the ideal gas law to find the number of 
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molecules in 1 L of air at a pressure of 10~'” torr and an assumed temperature of 300 K. 


(a) Evaluate t for N = 10 molecules: 910 
t= =| 5.12s 
2(100) 
(b) Evaluate t for N = 100 molecules: 100 
t =. = 6.34x10°’s 
2(100) 
=| 2.01x10” y 
(c) Evaluate t for N = 1000 771000 
molecules: t= 2(100) 
To evaluate 2° Jet 10* = 2! and (1000)In2 = xIn10 


take the logarithm of both sides of 
the equation to obtain: 


Solve for x to obtain: x=301 
Substitute to obtain: 103° 
t= =0.5x10°s 
2(100) 


(d) Evaluate t for 76.0210 
N = 6.02x10” molecules: t= (100) 
To evaluate 2°” Jet (6.02 10” )In2 = xIn10 


10* = 2°10" and take the 
logarithm of both sides of the 
equation to obtain: 


Solve for x to obtain: x 2107 
Substitute to obtain: 10”° 

005) “| 

t > =! 10 

2(100) 
(e) Solve the ideal gas law for the PV 
number of molecules N in the gas: N= kT 
Assuming the gas to be at room yy — (t0-" tomr)(133.32 Pa/torr)(L0*m’) 


temperature (300 K), substitute 
numerical values and evaluate N: 


(1.381x10- J/K)(300 K) 


= 3.2210’ molecules 
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Evaluate T for N = 3.22x10’ 3.22107 
lecules: t= 
molecules 2(100) 
To evaluate 2°” Jet (3.22 x10” )Iin2 = xIn10 


10* = 2°71" and take the 
logarithm of both sides of the 
equation to obtain: 


Solve for x to obtain: x 210’ 
Substitute to obtain: 10” : 
ce ~/ 10" y 
2(100) 
Express the ratio of this waiting T 10” y ; 
time to the lifetime of the universe =—, * 10” 
T universe: ene 10 y 
or 


T =| 10" T 
fa universe 


Heat Engines and Refrigerators 


21 
Picture the Problem We can use the definition of the efficiency of a heat engine to relate 
the work done W, the heat absorbed Qin, and the heat rejected each cycle Qou. 


(a) Express Q;, in terms of W and ¢: Q,, = Ww = 100J -~| 500] 


é 0.2 


Quu| = Q,(1—- €) = (500I)(1-0.2) 
=| 400J 


(b) Solve the definition of efficiency 
Qout 


for and evaluate 


22° 
Picture the Problem We can use its definition to find the efficiency of a heat engine 
from the work done, the heat absorbed, and the heat rejected each cycle. 


(a) Use the definition of the Pp W _ 1205 _ 30% 
efficiency of a heat engine: Q, 4005 


(b) Solve the definition of efficiency 


Qout 


Quue| = Q,(1— &) = (400 J)(1- 0.3) 
~| 280J 


for and evaluate 
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Picture the Problem We can use its definition to find the efficiency of the engine and 
the definition of power to find its power output. 


(a) Apply the definition of the | Osi = 60J —| 40.0% 


efficiency of a heat engine: Qn 100J 

(b) Use the definition of power to p= AW ®, _ 0.4(L00J) —| 80.0W 
find the power output of this engine: At At 0.5s 

#24 


Picture the Problem We can apply their definitions to find the COP of the refrigerator 
and the efficiency of the heat engine. 


(a) Using the definition of the COP, 
relate the heat absorbed from the 


COP = —* 


cold reservoir to the work done each 
cycle: 


Relate the work done per cycle to Q W= Q,| = 
and Q:: 


Substitute to obtain: 


Substitute numerical values and Cop = 5kJ 
evaluate COP: is kJ | —5kJ 


(b) Use the definition of efficiency W 
to relate the work done per cycle to Q, 
the heat absorbed from the high- 

temperature reservoir: 


Substitute numerical values and _ 3kJ 


€ =—— =| 37.5% 
evaluate ¢: 8kJ 
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25. 

Picture the Problem To find the heat added during each step we need to find the 
temperatures in states 1, 2, 3, and 4. We can then find the work done on or by the gas 
along each pass from the area under each straight-line segment and the heat that enters or 
leaves the system from Q = CAT and Q=C,AT. We can find the efficiency of the 


cycle from the work done each cycle and the heat that enters the system each cycle. 


(a) The cycle is shown to the right: 


0 10 20 30 40 50 


V (L) 
Apply the ideal-gas law to state 1 to T= PY, 
find T;: "mR 
_ (1atm)(24.6L) 
(1mol)(8.206 x10” L - atm/mol- K) 
= 300K 
The pressure doubles while the T, = 2T, = 600K 


volume remains constant between 
states 1 and 2. Hence: 


The volume doubles while the T, = 2T, =1200K 
pressure remains constant between 
states 2 and 3. Hence: 


The pressure is halved while the T, =5T, =600K 
volume remains constant between 
states 3 and 4. Hence: 


For path 132: 


W..,2 = PAV,_,» = [0 | 
and 
Q,42 = AE a2 = CyAT,,y =3RAT,,, = 3(8.314J/mol-K)(600 K — 300K) 


152 
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For path 23: 


W,_,, = PAV,,, = (2atm)(49.2 L —24.6L) = 49.20L -atmx 


- [23505] 


-atm 


and 
Q, ,; =C,AT, ,, = 4 RAT,,_,, = $(8.314J/mol- K)(1200 K- 600K) 
=| 12.5kJ 
For path 34: 
W, 4 = PAV,_,, = 0] 
and 


354 


Q3 4 = AB i394 = CYAT, 


=| —7.48kJ 
For path 41: 
W,,.. = PAV,,,, = (latm)(24.6L — 49.2) = -24.6L - atmx ee 
-atm 
=| 2.49kJ 
and 
Q, , = C,AT,,,, = 2 RAT,_,, = £(8.314J/mol- K )(300K — 600K) 
=| —6.24kJ 
(b) Use its definition to find the — Ww = Wo_,3 + Wa 
efficiency of this cycle: Q, O39 +23 


— 4,99kJ —2.49k) _ 


= =| 15.4% 
3.74kJ +12.5kJ 


101.3254 
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= 3RAT, ,, = 3(8.314J/mol- K)(600 K-1200K) 


Remarks: Note that the work done per cycle is the area bounded by the rectangular 


path. 
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26 oo 

Picture the Problem The three steps in the 

process are shown on the PV diagram. We 2.64 7 
can find the efficiency of the cycle by 3 


finding the work done by the gas and the 


P (atm) 


heat that enters the system per cycle. 


0 10 20 


Express the efficiency of the cycle: we Ww 
Qn 
Find the heat entering or leaving the Q, =0 
system during the adiabatic 
expansion: 
Find the heat entering or leaving the Q, = C,AT, = 4 RAT, = 5 PAV, 
system during the isobaric = za atm)(10 L—20 L) = —35atm-L 
compression: 
Find the heat entering or leaving the Q, = CAT, = 3 RAT, = 5 APV, 
system during the constant-volume = 5 (2.64 atm - 1atm)(10 if 
process: = 4latm-L 
Apply the 1° law of thermodynamics Wo, = AF — Q. =-Q, 
to the cycle (AE... cycie = 0) to =Q,+Q,+Q, 
obtain: =0-35atm-L+ 41atm-L 
=6atm-L 
Substitute and evaluate ¢: 6atm:L 
€ =——— =| 14.6% 
27 oo 


Picture the Problem We can find the efficiency of the cycle by finding the work done 
by the gas and the heat that enters the system per cycle. 
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Apply the ideal-gas law to states 1, 2, 3, and 4 to find the pressures at these points: 


_ nRT, _ (1mol)(8.206x10~ L -atm/mol- K }(400K) 
a 24.6K 


B =1.33atm 


Proceed as above to obtain the 
values shown in the table: Point P Vv T 


BW IN [Re 
(=) 
ul 
(=p) 
(=p) 
AS 
so 
N 
ice) 
(ap) 
(a) 


The PV diagram is shown to the 
right: 


P (atm) 


0 
0 10 20 30 40 50 60 
V(L) 


Express the efficiency of the cycle: 


(1) 


Find the work done by the gas and the heat that enters the system during the 
isothermal expansion from 1 to 2: 


49.2L 
24.6L 


1 


W,42 = Q.4. = NRT, nf 2) = (1mol)(8.314J/mol-K)(400 Ki 
= 2.305kJ 


Find the work done by the gas and the heat that enters the system during the 
constant-volume compression from 2 to 3: 


W,,, =9 
and 
Q,_,3 = C,AT,_,, = (21J/K)(300K — 400K) = -2.10kJ 


233 
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Find the work done by the gas and the heat that enters the system during the isothermal 
expansion from 3 to 4: 


Wy 54 = Qy 44 = NRT, of = (1mol)(8.314J/mol-K)(300 Ki 


3 


24.6L 
49.2L 


=—1,729kJ 


Find the work done by the gas and the heat that enters the system during the 
constant-volume process from 4 to 1: 


W,, =9 
and 
Q, , = C,AT,,,, = (21J/K)(400 K — 300K) = 2.10kJ 
Evaluate the work done each cycle: W =W,,,+W,,, +W34 + Wi 
= 2.305kJ + 0-1.729kJ +0 
= 0.5760 kJ 
Find the heat that enters the system QO. = QO + Qi 
each cycle: = 2.305kJ + 2.100kJ 
=4.405kJ 
Substitute numerical values in we 0.5760kJ -113.1% 
equation (1) and evaluate é: 4.405kJ 
#28 oe 


Picture the Problem We can use the ideal-gas law to find the temperatures of each state 
of the gas and the heat capacities at constant volume and constant pressure to find the heat 
flow for the constant-volume and isobaric processes. Because the change in internal 
energy is zero for the isothermal process, we can use the expression for the work done on 
or by a gas during an isothermal process to find the heat flow during such a process. 
Finally, we can find the efficiency of the cycle from its definition. 


(a) Use the ideal-gas law to find the T= PY, _ (100 kPa)(25L) 
temperature at point 1: *  ”R (1mol)(8.314 J/mol - K) 


=| 301K 
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Use the ideal-gas law to find the PV) _ (200 kPa)(25 L) 
temperatures at points 2 and 3: nR (1mol)(8.314 J/mol - K) 


=| 601K 


(b) Find the heat entering or leaving the system for the constant-volume process from 1 to 
2; 


jo = 2RAT,,, = 3(8.314J/mol-K)(601K — 301K) 


=| 3.74kJ 


Find the heat entering or leaving the system for the isothermal process from 2 to 3: 


Q, 2 = CYAT, 


V. 50L 
O.3=0R1, tka = (40) @:314,m0- (601% ) =| 3.46kJ 


; 25L 


Find the heat entering or leaving the system during the isobaric compression from 
3 tol: 


Q, ,. = C,AT,_,, = £RAT,,,, = 2(8.314J/mol-K)(301K — 601K) 
=| —6.24kJ 
(c) Express the efficiency of the cycle: ro W_ W (1) 
Qin Q,.2 a Q, 43 
Apply the 1* law of W=>)Q=Q,,2+ 3+ Qo 
thermodynamics to the cycle: = 3.74kJ +3.46kJ —6.24kJ 
= 0.960kJ 
because, for the cycle, AU = 0. 

Substitute numerical values in equation (1) _ 0.960 kJ ~ 173.3% 
and evaluate ¢: 3.74kJ + 3.46kJ 


29. we 
Picture the Problem We can use the ideal-gas law to find the temperatures of each state 
of the gas. We can find the efficiency of the cycle from its definition; using the area 
enclosed by the cycle to find the work done per cycle and the heat entering the system 
between states 1 and 2 and 2 and 3 to determine Qn. 
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(a) Use the ideal-gas law for a fixed 
amount of gas to find the 
temperature in state 2 to the 
temperature in state 1: 


Solve for and evaluate T>: 


Apply the ideal-gas law for a fixed 
amount of gas to states 2 and 3 to 
obtain: 


Apply the ideal-gas law for a fixed 
amount of gas to states 3 and 4 to 
obtain: 


(b) Express the efficiency of the 
cycle: 


Use the area of the rectangle to find 


the work done each cycle: 


Apply the ideal-gas law to state 1 to 
find the product of n and R: 


Noting that heat enters the system 
between states 1 and 2 and states 2 
and 3, express Qin: 


Substitute numerical values and evaluate Qi,: 


PY, _ BY, 
rT 
none espe 
PV, P (1atm) 
=| 600K 
ee ee (600K) 800L) 
PV, ; (100L) 
=| 1800K 
1, =7, PM 7% = (gooK) eam) 
PY, P, (3atm) 
=| 600K 
W 
é=— (1) 
Qin 
W =APAV 
= (300L —100L)(3atm —1atm) 
= 400 atm- L 
aR = PM: (tatm)(100L) 
z 200K 
= 0.5L-atm/K 
Qn = Q2 + Q.,3 
= CYAT,_,, + C,AT,,,, 
= 5nRAT, ,, + nRAT, ,, 
7 (SAT... HAT 3 jnR 


Q,, = [£(600K — 200K)+4(1800K —600K)](0.5L- atm/K) = 2600atm - L 


2 
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Substitute numerical values in 400atm- L 
é = —— =] 15.4% 
2600 atm - L 


equation (1) and evaluate ¢: 


30 eco 

Picture the Problem To find the efficiency of the diesel cycle we can find the heat that 
enters the system and the heat that leaves the system and use the expression that gives the 
efficiency in terms of these quantities. Note that no heat enters or leaves the system 
during the adiabatic processes a—b and cd. 


Express the efficiency of the cycle Q. 
in terms of Q, and Q;: f=1=—_— 

Q, 
Express Q for the isobaric warming Qhc = iQ, =C, (T. = | 
process b->c: 
Express Q for the constant-volume Qiya =|Q.)= Cy ( re) 
cooling process da: 
Substitute to obtain: | Cy (I, = T,) 

C,(T.-T,) 

(T, = T, ) 

=1- 

A(T, T,) 
Using the equation of state for an Ty =i" (1) 
adiabatic process, relate the 
temperatures T, and T;: 
Proceeding similarly, relate the TV *=1 i> (2) 
temperatures T, and Tg: 
Use equations (1) and (2) to T ee ae Ve a 
eliminate T, and Ty: i c ye b vo 

E= 
(T. T,) 
y-1 y-1 
V. T,| Vs 
V, fe V, 
=1 


because V, = V4. 
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Apply the ideal-gas law for a fixed T, = ia 


amount of gas to relate T, and T,: rT. UY; 


because P, = P,. 


Substitute and simplify to obtain: 


<< 
ALP 


*31 

Picture the Problem We can use the efficiency of a Carnot engine operating between 
reservoirs at body temperature and typical outdoor temperatures to find an upper limit on 
the efficiency of an engine operating between these temperatures. 


(a) Express the maximum efficiency _ T. 
of an engine operating between i iy 
body temperature and 70°F: 


Use T = 3(t,, -32)+ 273 to obtain: Tpody = 310 K and Tyoom = 294 K 
Substitute numerical values and ese 294K -15.16% 
evaluate €.: 310K 


| The fact that this efficiency is considerably less than the actual efficiency | 
of a human body does not contradict the second law of thermodynamics. 
The application of the second law to chemical reactions such as the ones 
that supply the body with energy have not been discussed in the text but 
we can note that don't get our energy from heat swapping between our 
body and the environment. Rather, we eat food to get the energy that we 


need. 
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Most warm — blooded animals survive under roughly the same conditions 


as humans. To make a heat engine work with appreciable efficiency, 


(b) 


internal body temperatures would have to be maintained at an 


unreasonably high level. 


32 
Picture the Problem The Carnot 
cycle’s four segments (shown to the 


right) are: (A) an isothermal expansion 
at T = T, from V, to V2, (B) an adiabatic 
expansion from V> to V3, (C) an 
isothermal compression from V3 to V4 at 
T = T,, and (D) an adiabatic 
compression from V, to V;. We can find 
the Carnot efficiency for a gas described 
by the Clausius equation by expressing 
the ratio of the work done per cycle to 
the heat entering the system per cycle. 


Express the efficiency of the Carnot 
cycle in terms of the work done and 
the heat that enters the system per 
cycle: 


Apply the first law of 
thermodynamics to segment A: 


Follow the same procedure for 
segment C to obtain: 


W 
EéE=— 
Q, 
Vy 
Q, =W, +AEy,, =W, = | PdV 
Y 
% dV V, —bn 
=nRT, { ——— = nRT, In| —2 
7 Vv bn V,—bn 
=Q, 
Va 
Qe =We + AB inc = We = [Pav 
V3 
Vi = 
= nT, | =e Pale" 
y,¥ —bn V,—bn 
and 


V,—bn 
= nRT, In| 3— 


,—bn 
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Apply the first law of 


thermodynamics to the complete 
cycle (AE. = 0) to express W: 


int, cycle 


Substitute and simplify to obtain: 


Apply the first law of 
thermodynamics to the adiabatic 
processes B and D: 


Separate variables and integrate 
to obtain: 


Simplify to obtain: 


Using this result, relate V2 and V3 to 
Ty and T;: 


Relate V; and V, to T;, and T,: 


Divide equation (1) by equation (2) 
and simplify to obtain: 


nRT, In Vie EY nRT.In Yonen 
bn b 


nRT, In Veewt 
V,—bn 


= V,—bn 
V,—bn 
dQ, =0=dW, + dE, , =PdV +CydT 


= RY av +Cyat 
V —bn 


dT nT> av 
Vr = eae 


~ ty ° y] om 


or 
InT =-(y —1)In(V — bn)+ constant 


= In(V —bn)’* + constant 


InT + In(V — bn)’ * = constant 
or 

InT(V — bn)’ * = constant 

and 

T(V — bn)’ * = constant 


T,(V, —bn)"" ze TV; —bn)"" (1) 
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or 
V,—bn _ V,—bn 
V,—bn_ V,-—bn 
Substitute in our expression for ¢ Tl V, —bn 
nN es 
and simplify: “ (V,—bn 
| 1 -|4-% 
T, 


T, In V, —bn 
V,—bn 
the same as for an ideal gas. 
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33. ee 
Determine the Concept The relationship of the perfect engine and the refrigerator to 
each other and to the hot and cold reservoirs is shown below. To remove 500 J from the 
cold reservoir and reject 800 J to the hot reservoir, 300 J of work must be done on the 
system. Assuming that the heat-engine statement is false, one could use the 800 J rejected 
to the hot reservoir to do 300 J of work. Thus, running the refrigerator connected to the 
“perfect” heat engine would have the effect of transferring 500 J of heat from the cold to 
the hot reservoir without any work being done, in violation of the refrigerator statement 
of the second law. 


Hot Reservoir Th 


800} 
a = WO) 


Refrigerator Perfect 
500] Engine 


Cold Reservoir T 


*34 ee 
Determine the Concept The work done by the system is the area enclosed by the cycle, 
where we assume that we start with the isothermal expansion. It is only in this expansion 
that heat is extracted from a reservoir. There is no heat transfer in the adiabatic expansion 
or compression. Thus, we would completely convert heat to mechanical energy, without 
exhausting any heat to a cold reservoir, in violation of the second law. 
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Carnot Engines 


350 ¢«¢ 


Picture the Problem We can find the efficiency of the Carnot engine using 
é =1—T,/T,, and the work done per cycle from ¢ = W/Q,. We can apply conservation 


of energy to find the heat rejected each cycle from the heat absorbed and the work done 


each cycle. We can find the COP of the engine working as a refrigerator from its 


definition. 


(a) Express the efficiency of the 
Carnot engine in terms of the 
temperatures of the hot and cold 
reservoirs: 


(b) Using the definition of 
efficiency, relate the work done each 
cycle to the heat absorbed from the 
hot reservoir: 


(c) Apply conservation of energy to 
relate the heat given off each cycle 
to the heat absorbed and the work 
done: 


(d) Using its definition, express and 
evaluate the refrigerator’s coefficient 


of performance: 


36 


W =«.Q, =(0.333)(100J) = 


Q.|=Q, —W =100J —33.3J =| 66.75 


Picture the Problem We can find the efficiency of the engine from its definition and the 
additional work done if the engine were reversible from W = €.Q,, where é is the 


Carnot efficiency. 


(a) Express the efficiency of the 
engine in terms of the heat absorbed 
from the high-temperature reservoir 
and the heat exhausted to the low- 
temperature reservoir: 


(b) Express the additional work done 
if the engine is reversible: 


ea W _2-@ _ Q. 
Q, Q, Q, 
200J 
=1-—— =| 20.0% 
5507 7L200% | 
AW = Wasi ~~ W as 
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Relate the work done by a reversible 


T. 
W=éQ,= c as Ta, 


engine to its Carnot efficiency: 


a (250J)= 83.33 
300K 
Substitute and evaluate AW: AW =83.3J —50J =| 33.33 


37. ee 
Determine the Concept Let the first engine be run as a refrigerator. Then it will remove 
140 J from the cold reservoir, deliver 200 J to the hot reservoir, and require 60 J of energy 
to operate. Now take the second engine and run it between the same reservoirs, and let it 
eject 140 J into the cold reservoir, thus replacing the heat removed by the refrigerator. If 
&, the efficiency of this engine, is greater than 30%, then Qh», the heat removed from the 
hot reservoir by this engine, is 140 J/(1 — &) > 200 J, and the work done by this engine is 
W = &Qn > 60 J. The end result of all this is that the second engine can run the 
refrigerator, replacing the heat taken from the cold reservoir, and do additional 
mechanical work. The two systems working together then convert heat into mechanical 
energy without rejecting any heat to a cold reservoir, in violation of the second law. 


38 ee 
Determine the Concept If the reversible engine is run as a refrigerator, it will require 
100 J of mechanical energy to take 400 J of heat from the cold reservoir and deliver 500 J 
to the hot reservoir. Now let the second engine, with & > 0.2, operate between the same 
two heat reservoirs and use it to drive the refrigerator. Because & > 0.2, this engine will 
remove less than 500 J from the hot reservoir in the process of doing 100 J of work. The 
net result is then that no net work is done by the two systems working together, but a 
finite amount of heat is transferred from the cold to the hot reservoir, in violation of the 
refrigerator statement of the second law. 


*39 ee 
Picture the Problem We can use the definition of efficiency to find the efficiency of the 
Carnot engine operating between the two reservoirs. 


(a) Use its definition to find the Ec Lc Oe 33.3% 


efficiency of the Carnot engine: 7 Q, 150) — 


(b) If COP > 2, then 50 J of work will remove more than 100 J of heat from the cold 
reservoir and put more than 150 J of heat into the hot reservoir. So running engine (a) to 
operate the refrigerator with a COP > 2 will result in the transfer of heat from the cold to 
the hot reservoir without doing any net mechanical work in violation of the second law. 
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Picture the Problem We can use the definitions of the efficiency of a Carnot engine and 


the coefficient of performance of a refrigerator to find these quantities. The work done 


each cycle by the Carnot engine is given by W = €.Q, and we can use the conservation 


of energy to find the heat rejected to the low-temperature reservoir. 


(a) Use the definition of the 
efficiency of a Carnot engine to 
obtain: 


(b) Express the work done each 
cycle in terms of the efficiency of 
the engine and the heat absorbed 


from the high-temperature reservoir: 


(c) Apply conservation of energy to 
obtain: 


(d) Using its definition, express and 
evaluate the refrigerator’s 
coefficient of performance: 


Alo 


(i 77K 
€- =1-— =1-—— =| 74.3% 
= in 300K [ 74.3% | 


W = .Q, =(0.743)(100J) = 


Q. 


=Q, -W =100J —74.3J =| 25.7) 


Picture the Problem We can use the ideal-gas law for a fixed amount of gas and the 


equations of state for an adiabatic process to find the temperatures, volumes, and 


pressures at the end points of each process in the given cycle. We can use 
Q=C,AT and Q =C,AT to find the heat entering and leaving during the constant- 


volume and isobaric processes and the first law of thermodynamics to find the work done 


each cycle. Once we’ve calculated these quantities, we can use its definition to find the 


efficiency of the cycle and the definition of the Carnot efficiency to find the efficiency of 


a Carnot engine operating between the extreme temperatures. 


(a) Apply the ideal-gas law for a 
fixed amount of gas to relate the 
temperature at point 3 to the 
temperature at point 1: 


Apply the ideal-gas law for a fixed 
amount of gas to relate the pressure 
at point 2 to the temperatures at 


points 1 and 2 and the pressure at 1: 


PY, _ PVs; 

7 

or, because P, = P3, 

T, =T, V3 (1) 
iA 

PY, _ PWV, 

a 


1 2 


or, because V; = Vo, 


Apply the state equation for an 
adiabatic process to relate the 
pressures and volumes at points 2 
and 3: 


Noting that V; = 22.4 L, solve for 
and evaluate V3: 


Substitute in equation (1) and 
evaluate T3: 


(b) Process 1—>2 takes place at 
constant volume (note that y= 1.4 
corresponds to a diatomic gas and 
that Cp — Cy = R): 


Process 23 takes place 
adiabatically: 


Process 3—>1 is isobaric (note that 
Cp = Cy + R): 


(c) Use its definition to express the 
efficiency of this cycle: 


Apply the first law of 
thermodynamics to the cycle: 
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P,=P ee Gain) =1.55atm 
T, 273K 


1 


PV = P. A 


1 


yee (2) : 2ar| Seam 


: latm 
= 30.6L 


T, = Cn = 373K 
22 Al, 


and 


t, =T, —273=[ 100°C | 


Q.42 = CyAT_,. = 3 RAT_,, 
= 5(8.314J/mol- K)(423K — 273K) 
=| 3.12kJ 


Q,43 =| 0 


Q3_,, = CpAT,_,, = ZRAT,_,» 
= 2(8.314J/mol- K)(273K —373K) 


- [2500 


AK... = Q., a Wn 


or, because AE. 


int, cycle 


= 0 (the system begins 


and ends in the same state) and 
Won a Woy the gas — Ww, W = Qin ‘ 
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Evaluate W: W= ¥O = Q.,2 + Q.,3 + Q,1 
=3.12kJ +0-2.91kJ 
= 0.210kJ 
Substitute and evaluate ¢: a 0.210kJ =| 6.73% 
3.12kJ 


(d) Express and evaluate the | di, =4 273K =| 35 507 
Cc T, 423K 


efficiency of a Carnot cycle 
operating between 423 K and 
273 K: 


42 

Picture the Problem We can find the maximum efficiency of the steam engine by 
calculating the Carnot efficiency of an engine operating between the given temperatures. 
We can apply the definition of efficiency to find the heat discharged to the engine’s 
surroundings in 1 h. 


(a) Find the efficiency of a Carnot ee een 323K _ 40.5% 
engine operating between these T, 543K 
temperatures: 

ici 0.30 
Find the efficiency of the steam Eseamengine = é,, =| 0.74le,. 
engine as a percentage of the 0.405 
maximum possible efficiency: 
(b) Relate the heat discharged to the Q.|= (1 = é)Q, 
engine’s surroundings to Q, and the 
efficiency of the engine: 
Using its definition, relate the _W__ Pat 

eer . Q, =o 
efficiency of the engine to the heat é é 
intake of the engine and the work it 
does each cycle: 
Substitute and evaluate |Q.|in 1h: Ol2 (1- s) PAt 
é 
200kJ/s )(3600s 
=(1 0.3)! Jee0s) 


0.3 


- [1686] 
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Heat Pumps 
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Picture the Problem We can use the definition of the COPyp and the Carnot efficiency 
of an engine to express the maximum efficiency of the refrigerator in terms of the 
reservoir temperatures. We can apply equation 19-10 and the definition of power to find 
the minimum power needed to run the heat pump. 


(a) Express the COPyp in terms of Cop. = Q,| 7 2, 
Ty and T,: ew 12,|--@, 

— 1. 1 

7 oa i 

i Q. i 
iQ, h 
__f, 
I, ~~ T. 
Substitute numerical values and COP,, = 313K 16.26 
evaluate the COP yp: 313K — 263K 
(b) Using its definition, express the p= Ww 
power output of the engine: At 
Use equation 19-10 to express the _ 2, 
work done by the heat pump: te COP,,, 
Substitute and evaluate P: l,| i At 20kW 
(on oe 
(c) Find the minimum power if the p= Q. / At —_  20kW 
COP is 60% of the efficiency of an uaa ee 0.6(COP,,, ae ) : ah 0.6(6.26) 
ideal pump: 
=| 4.21kW 
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Picture the Problem We can use the definition of the COP to relate the heat removed 
from the refrigerator to its power rating and operating time. By expressing the COP in 
terms of T, and T, we can write the amount of heat removed from the refrigerator as a 
function of T,, T,, P, and At. 
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(a) Express the amount of heat the oe (COP )W 
refrigerator can remove in a given a (COP )PAt 
period of time as a function of its 
COP: 
Express the COP in terms of T;, and COP = Q} (Q)  Q-W 
Te: We €Q, Q, 
_l-e_l l ms I 
E 2 q@oce. 
T, 
aoa, 
dod, 
Substitute to obtain: T 
Q.= <— |PAt 
f, ~ I. 
Substitute numerical values and 273K 
Q. =| ———*—— |(370 w)(60s) 
evaluate Q.: 293K — 273K 
=| 303kJ 


(b) Find the heat removed if the 
COP is 70% of the efficiency of an 
ideal pump: 
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273K 
Q) = (027| | (370 W)(60s) 


=| 212kJ 


Picture the Problem We can use the definition of the COP to relate the heat removed 
from the refrigerator to its power rating and operating time. By expressing the COP in 
terms of T, and T, we can write the amount of heat removed from the refrigerator as a 
function of T,, T,, P, and At. 


Q. =(COP)w 


refrigerator can remove in a given = (COP )PAt 


(a) Express the amount of heat the 


period of time as a function of its 
COP: 
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Express the COP in terms of T, and Cop = Q.;_ |Q) _ Q@-W 
pe W QQ, 
_ivé_l, 
é é 
= ms f= I. 
5 T, —f, 
h 
Substitute to obtain: T 
Q.= <_ |PAt 
T, 1 i 
Substitute numerical values and _ 273K (370W) (60 ) 
evaluate Q,: Qe = 308K — 273K : 
=) 173ks 
(b) Find the heat removed if the 273K 
COP is 70% of the efficiency of an Q. = (0. ) (sae - S67 W)(60s) 
ideal pump: 
oe =] 121K 
Entropy Changes 
46 ° 


Picture the Problem We can use the definition of entropy change to find the change in 
entropy of the water as it freezes. 


Apply the definition of entropy AS = AQ _ —mL, 

change to obtain: T T 

Substitute numerical values and ce (18g )(333.5 J/ g) —~| —22.0J/K 
evaluate AS: 273K 

#47 oe 


Picture the Problem The change in the entropy of the world resulting from the freezing 
of this water and the cooling of the ice formed is the sum of the entropy changes of the 
water-ice and the freezer. Note that, while the entropy of the water decreases, the entropy 
of the freezer increases. 


Express the change in entropy of the AS, = AS \ater + AS freezer (1) 
universe resulting from this freezing and 
cooling process: 
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Express AS water: 


Express ASfreezing: 


Relate Qyreezing to the latent heat of 
fusion and the mass of the water: 


Substitute in equation (3) to obtain: 


Express AS cooling: 


Substitute in equation (2) to obtain: 


Noting that the freezer gains heat (at 
263 K) from the freezing water and 
cooling ice, express AS freezer! 


AS tse = AS sreezing + AS cooling (2) 
~ Qireezin 
_ g 
A freezing ~~ T (3) 
freezing 


where the minus sign is a consequence of 
the fact that heat is leaving the water as it 
freezes. 


Qreaine = mL; 


—mL, 
freezing 
ee 


AS 


AS cooting = mC, of © 


1 


BS gg ee on of © 


freezing 


i 


AS ecsati = AQrce + AQ cootingice 
T, T, 


freezer 

mL, | mC,AT 
+ 

T, T, 


freezer freezer 


Substitute for AS water and ASfreezer in equation (1): 


mL 


AS, =——++mC, In 


u 
freezing 


= L, 
=m 
Tarn 


I, 


freezer dere 


i) mL, | mC,AT 
+ + 


i 


T, 


i freezer freezer 


C.AT 
c,h Fs Ly p= | 


The Second Law of Thermodynamics 1481 


Substitute numerical values and evaluate AS,;: 


3 


AS, = (0.05kg ak 


3 
2100 kg-K)o| 23) _, 333.5x10" kg 


273K 263K 
F (2100 J/kg -K)(273K — a] 


263K 
- [200K] 


and, because AS, > 0, the entropy of the universe increases. 


48 
Picture the Problem We can use the definition of entropy change and the first law of 
thermodynamics to express AS for the ideal gas as a function of its initial and final 


volumes. 

(a) Use its definition to express the AS = AQ 

entropy change of the gas: T 

Apply the first law of V, 
thermodynamics to the isothermal AQ = AE, —Won =) — ART In A 


process: 
because AFint = 0 for an isothermal process. 


AS =nR nf 
V, 


= (2mol)(8.314J/mol- Ki 2 t) 


40L 
=|11.5J/K 


(b) Because the process is reversible: AS, = [9] 


Substitute to obtain: 


Remarks: The entropy change of the environment of the gas is —11.5 J/K. 
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Picture the Problem We can use the definition of entropy change and the 1“ law of 
thermodynamics to express AS for the ideal gas as a function of its initial and final 
volumes. 
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(a) Use its definition to express the MG AQ 

entropy change of the gas: T 

Apply the first law of V, 
thermodynamics to the isothermal A= AB sg Wes =—| ART In Vv 
process: 


because AFin: = 0 for an isothermal process. 


Substitute to obtain: 
Bowes Ke = nkin( 


i 


= (2mol)(8.314J/mol- Ki OE 
40L 
11.5J/K 


(b) Because the process is not AS >|0 
quasi-static, it is non-reversible: 


50 ° 
Picture the Problem We can use the definition of entropy change to find the change in 
entropy of the water as it changes to steam. 


Apply the definition of entropy MS= AQ = mL, 

change to obtain: T T 

Substitute numerical values and AS = (1kg)(2.26 MJ/kg) _|6.06kI/K 
evaluate AS: 373K 
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Picture the Problem We can use the definition of entropy change to find the change in 
entropy of the ice as it melts. 


Apply the definition of entropy AS = AQ = mL, 


change to obtain: T T 


Substitute numerical values and (1kg)(333.5kJ/kg) 
AS = =| 1.22kJ/K 
evaluate AS: 273K 


52 eo 
Picture the Problem We can use the first law of thermodynamics to find the change in 
the internal energy of the system and the change in the entropy of the system from the 
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change in entropy of the hot- and cold-reservoirs. 


(a) Apply the 1“ law of 
thermodynamics to find the change 
in the internal energy of the system: 


(b) Express the change in entropy of 
the system as the sum of the entropy 
changes of the high- and low- 
temperature reservoirs: 


(c) Because the process is reversible: 


(d) Because S.ystem is a State function: 


#53 ee 


AE nt = Qn +W,, 
= (2005 -100J)—50J 
=| 50J 
AS = AS, — AS, = Zr _ 
tT, 1. 
= 2005 1005 =| 0.167 J/K 
300K 200K 


AS, =[0| 


and 


Picture the Problem We can use the fact that the system returns to its original state to 


find the entropy change for the complete cycle. Because the entropy change for the 


complete cycle is the sum of the entropy changes for each process, we can find the 


temperature T from the entropy changes during the 1st two processes and the heat 


rejected during the third. 


(a) Because S is a state function of 
the system: 


(b) Relate the entropy change for the 
complete cycle to the entropy 


change for each process: 


Substitute numerical values to 
obtain: 


Solve for T: 


54 oe 


PSS casicieicletls = 0 
a + Q + Qs =0 
ae nb 


3005. 200J —400J 
+ + =0 
300K 400K T 


T =| 267K 


Picture the Problem We can use the definition of entropy change and the 1“ law of 
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thermodynamics to express AS for the ideal gas as a function of its initial and final 


volumes. 

(a) Use its definition to express the Age AQ 

entropy change of the gas: T 

Apply the first law of V, 
thermodynamics to the isothermal AQ, = AB ig: — Won =—) — ART In Vv 
process: 


because AE;,; = 0 for free expansion. 


AS =nR nf | 
V; 


= (2mol)(8.314J/mol- Ko 
40L 
=| 11.55/K 


11.5J/K 


Substitute to obtain: 


(b) Because the process is AS, 


irreversible, S, > 0 and, because no 
heat is exchanged: 


55 
Picture the Problem Because the ice gains heat as it melts, its entropy change is positive 
and can be calculated from its definition. Because the temperature of the lake is just 
slightly greater than 0°C and the mass of water is so much greater than that of the block 
of ice, the absolute value of the entropy change of the lake will be approximately equal to 
the entropy change of the ice as it melts. 


(a) Use the definition of entropy AS. = mL, _ (200 kg)(333.5 kJ/kg) 
change to find the entropy change of a 273K 

ne =| 244kJ/K 

(b) Relate the entropy change of the AS ake * —ASice =| — 244 kJ/K 


lake to the entropy change of the 
ice: 


(c) Because the temperature of the lake is slightly greater than that of the ice, the 
magnitude of the entropy change of the lake is less than 244 kJ/K and the entropy change 
of the universe is greater than zero. The melting of the ice is an irreversible process 
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56 ee 
Picture the Problem We can use conservation of energy to find the equilibrium 
temperature of the water and apply the equations for the entropy change during a melting 
process and for constant-pressure processes to find the entropy change of the universe, 
i.e., the piece of ice and the water in the insulated container. 


(a) Apply conservation of energy to Qhost = Osi 
obtain: or 
Otc water — melting ice + Oise water 


Substitute to relate the masses of the ice and water to their temperatures, specific 
heats, and the final temperature of the water: 


(100g )(1cal/g -C°)(100°C — t) = (100g)(79.7 cal/g)+ (100g)(1cal/g -C°)(t) 


Solve for t to obtain: t =| 10.2°C 


(b) Express the entropy change of AS,, = AS;c¢ + AS water 


the universe: 


Using the expression for the entropy DS ig = DS vcapinaics 9 aetna 
change for a constant-pressure Hi 
f f 
process, express the entropy change = ECs of 2 
f i 


of the melting ice and warming ice- 
water: 


Substitute numerical values to obtain: 


283.2K 


As,, = (0:2keN833-5KK8) | 9 1a V4, 184kI/kg. Kn a 


= 273K 


=138J/K 


Find the entropy change of the cooling water: 


283.2K 
= (0.1kg )(4.18kJ/kg - K Jl 
(014.104) 28 


AS 


water 


]--tisin 


Substitute for ASice and ASwater and AS, =138J/K —115J/K 
evaluate the entropy change of the ~| 93.0J/K 


universe: 


1486 Chapter 19 
Remarks: The result that AS, > 0 tells us that this process is irreversible. 
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Picture the Problem We can use conservation of energy to find the equilibrium 
temperature of the water and apply the equations for the entropy change during a constant 
pressure process to find the entropy changes of the copper block, the water, and the 
universe. 


a) Using the equation for the T. 
. aed. Seg =, nf (1) 


i 


entropy change during a constant- 
pressure process, express the 
entropy change of the copper block: 


Apply conservation of energy to Que = Qama 


obtain: or 


One block — CO ciaiti water 


Substitute to relate the masses of the block and water to their temperatures, 
specific heats, and the final temperature T; of the water: 


(1kg)(0.386 kJ/kg -K)(373.15K —T, )= (4L)(1kg/L)(4.184 kJ/kg -K)(T, —273.15K) 
Solve for T;: T, = 275.40K 


Substitute numerical values in equation (1) and evaluate AScu: 


275.40K 
AS,, = (1kg)(0.386 kJ/kg - Kn ee = 


water ~ water 


(b) Express the entropy change of 2 i TZ; 
the water: water = [water : T. 


Substitute numerical values and evaluate AS water: 


275.40K 
AS wer = (4k8)(4.184 kJ/kg - K of ZEAE = 
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(c) Substitute for ASc, and AS water AS,, = ASq, + AS water 
and evaluate the entropy change =-117J/K+137J/K 


of the universe: =| 20.3J/K 


Remarks: The result that AS,, > 0 tells us that this process is irreversible. 
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Picture the Problem Because the mass of the water in the lake is so much greater than 

the mass of the piece of lead, the temperature of the lake will increase only slightly and 

we can reasonably assume that its final temperature is 10°C. We can apply the equation 
for the entropy change during a constant pressure process to find the entropy changes of 
the piece of lead, the water in the lake, and the universe. 


Express the entropy change of the AS, = AS,, + AS,, 
universe in terms of the entropy 

changes of the lead and the water in 

the lake: 


Using the equation for the entropy change during a constant-pressure process, 
express and evaluate the entropy change of the lead: 


283.15K 


T, 
AS,, = ™M,,Cp, In} — | = (2k¢ )(0.128kJ/ke - K )In 
= Sy F (2kg)( g-K) eons 


1 


) = —70.66 J/K 


Find the entropy change of the water _ 0. _ Qpp _ MppCppATp, 


AS 


in the lake: ar 6. T,, 
_ (2kg)(0.128kJ/kg -K)(90K) 
283.15K 
= 81.37J/K 
Substitute and evaluate AS,: AS, = —70.66J/K + 81.37 J/K 
=| 10.7J/K 
59 ae 


Picture the Problem Because the air temperature will not change appreciably as a result 
of this crash; we can assume that the kinetic energy of the car is transformed into heat at 
a temperature of 20°C. We can use the definition of entropy change to find the entropy 
change of the universe. 
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Express the entropy change of the he Q_ mv’ 
universe as a consequence of the an ne 
kinetic energy of the car being 
transformed into heat: 
Substitute numerical values and km th ‘ 
evaluate AS,: 7 (1500 kg) 100 ~~ x 
: h 3600s 
AS,, = 
293.15K 


- [197K] 
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Picture the Problem The total change in entropy resulting from the mixing of these 
gases is the sum of the changes in their entropies. 


(a) Express the total change in AS =AS, + AS, 
entropy resulting from the mixing 
of the gases: 


Express the change in entropy of V. 
each of the gases: AS, =nRIn fA 
iA 
and 


AS, =nR no Ze 


iB 


Because the initial and final Vv 
volumes of the gases are the same AS = 2nRIn M = 2nRIn(2) 
and both volumes double: i 
Substitute numerical values and AS = 2(1mol)(8.314 J/mol- K)In(2) 
evaluate AS: 
=| 11.5J/K 


Because the gas molecules are indistinguishable, the entropy doesn't change. 
(b)}| A complete description of this phonomenon has been derived using 


quantum mechanics. 


Entropy and Work Lost 
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Picture the Problem We can find the entropy change of the universe from the entropy 
changes of the high- and low-temperature reservoirs. The maximum amount of the 500 J 
of heat that could be converted into work can be found from the maximum efficiency of 
an engine operating between the two reservoirs. 
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(a) Express the entropy change of AS, = AS, +AS, = _Q + Q 
the universe: i. ihe 


i. -e 
det 


Substitute numerical values and 1 1 
AS, =(-500J)| ——--—_ 
evaluate AS,: 7 400K 300K 
=| 0.417 J/K 
(b) Express the heat that could have W = En Qh 


been converted into work in terms of 
the maximum efficiency of an 
engine operating between the two 
reservoirs: 


Express the maximum efficiency of 
an engine operating between the two 
reservoir temperatures: 


Substitute and evaluate W: 
ubstitute and evaluate w=(1-E la, =[1- 28% \so09 
h 
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Picture the Problem Although in the adiabatic free expansion no heat is lost by the gas, 
the process is irreversible and the entropy of the gas increases. In the isothermal 
reversible process that returns the gas to its original state, the gas releases heat to the 
surroundings. However, because the process is reversible, the entropy change of the 
universe is zero. Consequently, the net entropy change is the negative of that of the gas in 
the isothermal compression. 


(a) Relate the entropy change of the 
universe to the entropy change of 
the gas during the isothermal 
compression: 


1490 Chapter 19 


Substitute numerical values and evaluate AS,: 


12.3L 
AS,, = —(1mol)(8.314J/mol - K )h =| 5.76 J/K 


To the extent that the initial expansion was isothermal and 


(b) | reversible, no work was done and none was wasted in the 

cycle. 
(c) Express the wasted work in Was = LAS, = (300 K)(5.76 J/K) 
terms of T and the entropy change of -/1.73kI 


the universe: 


General Problems 
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Picture the Problem We can use the definition of power to find the work done each 
cycle and the definition of efficiency to find the heat that is absorbed each cycle. 
Application of the first law of thermodynamics will yield the heat given off each cycle. 


(a) Use the definition of power to Waa = PAt= (200 W)(0.1s) 
relate the work done in each cycle to -| 90.0) 

the period of each cycle: 

(b) Express the heat absorbed in Q — Weee 205 _ 66.7] 
each cycle in terms of the work done ee é 0.3 


and the efficiency of the engine: 


Apply the 1° law of 


Os = Dera a W = 66.7 J = 20J 


thermodynamics to find the heat 
given off in each cycle: =| see) 


64 = 
Picture the Problem We can use their definitions to find the efficiency of the engine and 
that of a Carnot engine operating between the same reservoirs. 


(a) Apply the definition of Ww Q. 


4 eo ; 
efficiency: = Q, = Q, =1 150] 16.7% 
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ici rE 293.15 
(b) Find the efficiency of a Carnot pe ed 93 91.4% 
engine operating between the same i 373.15 
reservoirs: 

: 10} 

Express the ratio of the two ce 16.7% —| 0.780 
efficiencies: Eo 21.4% 
65° 


Picture the Problem We can use the definition of efficiency to find the work done by the 
engine during each cycle and the first law of thermodynamics to find the heat exhausted 
in each cycle. 


(a) Express the efficiency of the 
engine in terms of the efficiency of a 


é =0.85¢, = 01 i 


h 


Carnot engine working between the 200K 

same reservoirs: = 0.85) 1 -—— |=| 51.0% 
500K 

(b) Use the definition of efficiency W = Q, =0.51(200kJ) =| 102kJ 


to find the work done in each cycle: 


(c) Apply the first law of Qa eycte| = Qheyce -W = 200kJ —102kJ 
thermodynamics to the cycle to 
_ =| 98.0kJ 
obtain: 
*66  °e 


Picture the Problem We can use the expression for the Carnot efficiency of the plant to 
find the highest efficiency this plant can have. We can then use this efficiency to find the 
power that must be supplied to the plant to generate 1 GW of power and, from this value, 


the power that is wasted. The rate at which heat is being delivered to the river is related to 
the requisite flow rate of the river by dQ/dt = cATpdV/dt. 


(a) Express the Carnot efficiency of ee, te eee i 
a plant operating between Mae T, 
temperatures T, and T),: 

298 K 
Substitute numerical values and 6 ie | 0.404 
evaluate &: 500K 
(c) Find the power that must be Prutpur  1GW 

Pe = —— =| 2.48GW 

supplied, at 40.4% efficiency, to ee 0.404 


max 


produce an output of 1 GW: 


1492 Chapter 19 


(b) Relate the wasted power to the 
power generated and the power 
supplied: 


Substitute numerical values and 


evaluate Pwastea: 


(d) Express the rate at which heat is 
being dumped into the river: 


Solve for the flow rate dV/dt of the 


river: 
Substitute numerical values (see 


Table 19-1 for the specific heat of 
water) and evaluate dV/dt: 
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P 


wasted — Pgh = P generated 


P. sted = 2-48 GW —1GW =| 1.48GW 
dQ = cay am = cAT 4“ (pv) 
dt dt dt 
dV 
= cATp — 
- dt 
dV = dQ/dt 
dt cATp 
dV 1.48x10° J/s 


‘dt (4180J/kg)(0.5K)(10° kg/m? 


= 708m°*/s =| 7.08x10° L/s 


Picture the Problem We can find the rate at which the house contributes to the increase 


in the entropy of the universe from the ratio of AS to At. 


Using the definition of entropy 
change, express the rate of increase 
in the entropy of the universe: 


Substitute numerical values and 
evaluate AS/At: 
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AS _ AQ/T _ AQ/At 
At At T 


AS  30kW 
— =— =| 113 W/K 
vagy ae us 


Picture the Problem Because the cycle represented in Figure 19-12 is a Carnot cycle, its 


efficiency is that of a Carnot engine operating between the temperatures of its isotherms. 


Express the Carnot efficiency of the 


cycle: 


Substitute numerical values and 


evaluate &: 


C ae 
T, 

Poe Pease 60.0% 
750K 


The Second Law of Thermodynamics 1493 


69 ee 

Picture the Problem All 500 J of mechanical energy are lost, i.e., transformed into heat 
in process (1). For process (2), we can find the heat that would be converted to work by a 
Carnot engine operating between the given temperatures and subtract amount of work 
from 1 kJ to find the energy that is lost. In part (b) we can use its definition to find the 
change in entropy for each process. 


(a) For process (2): Wy max = Wsevaed = EQ, 
. eos T K 
Find the efficiency of a Carnot a a 300 _0.25 
engine operating between 400 K and T,. 400 K 
300 K: 
Substitute to obtain: | i 0.25(1kJ ) = 250J 
or 


750 J are lost. 


Process (1) is more wasteful of mechanical energy. Process (2) is 


more wasteful of total energy. 


(b) Find the change in entropy of the Keo AQ _ 5005 _ Le7IK 
1 OF 300K 


universe for process (1): 


A A 
oi the change in entropy of the AS, = AS, +AS, = AQ i AQ 
universe for process (2): T, T 


c 


Substitute numerical values and 1 1 
; AS, = (1kJ) SS 
evaluate AS): 300K 400K 


- [3357] 
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Picture the Problem Denote the three states of the gas as 1, 2, and 3 with 1 being the 
initial state. We can use the ideal-gas law and the equation of state for an adiabatic 
process to find the temperatures, volumes, and pressures at points 1, 2, and 3. To find the 
work done during each cycle, we can use the equations for the work done during 
isothermal, isobaric, and adiabatic processes. Finally, we find the efficiency of the cycle 
from the work done each cycle and the heat that enters the system during the isothermal 
expansion. 
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(a) Apply the ideal-gas law to the 


isothermal expansion 1—2 to find P»: 


Apply the equation of state for an 
adiabatic process to relate the 
pressures and volumes at 1 and 3: 


The PV diagram is shown to the right: 


(b) From (a) we have: 
Apply the equation of state for an 
adiabatic process (y=1.67) to relate 


the temperatures and volumes at 1 
and 3: 


(c) Express the work done each 
cycle: 


For the process 12: 


For the process 23: 


P (atm) 


V, =| 2.291 


EVs = TV" 


- aK] 


W =W,,, +W,_,3 + W3 1 (1) 


W,_,. = nRT, of 2 = BV, of 2) 


1 
4L 
= (16 1L )In| — 
(a6atm)( yn 
= 22.2atm-L 


W. 


233 


= P,AV,_,, 
= (4atm)(2.29L — 4L) 
= -6.84atm - L 


For the process 31: 


Substitute numerical values in 


equation (1) and evaluate W: 


(d) Using its definition, express 
and evaluate the efficiency of the 


cycle: 


#7] oe 


The Second Law of Thermodynamics 1495 


W,_,, = -CYAT, —3nR(T, ~ T;) 
=—3(BV, - BY,) 
= —3[(16 atm)(1L)—(4atm)(2.29L)] 


=-10.3atm-L 
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W =22.2atm-L—6.84atm-L 


—10.3atm-L 
- [56am] 
Ww Ww ww 
O, On We 
an = 22.8% 


Picture the Problem We can express the temperature of the cold reservoir as a function 


of the Carnot efficiency of an ideal engine and, given that the efficiency of the heat 


engine is half that of a Carnot engine, relate T, to the work done by and the heat input to 


the real heat engine. 


Using its definition, relate the 


efficiency of a Carnot engine 
working between the same 


reservoirs to the temperature of the 


cold reservoir: 


Solve for T;: 


Relate the efficiency of the heat 
engine to that of a Carnot engine 


working between the same 
temperatures: 


Substitute to obtain: 


The work done by the gas in 
expanding the balloon is: 


T 
a. =1l=— 
T, 
ti =T,(1-¢,) 
We, 2W 
i A a OE 


W = PAV = (latm\4L) = 4atm-L 
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Substitute numerical values and evaluate T;: 


Pe ee 101.325] 


| 
tm-L 
T, = (393.15K)| 1 a= =| 313K 
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Picture the Problem We can use the definitions of the COP and & to show that their 
relationship is COP = T,/ (écT}). 


Using the definition of the COP, COP = Q 
relate the heat removed from the 
cold reservoir to the work done each 
cycle: 
Apply energy conservation to relate Q, = Q, —W 
Q. Q,; and W: 
Substitute to obtain: COP = Q, —W 
Divide numerator and denominator 1 Ww 
by Q, and simplify to obtain: COP = Q, —W __ & 
Ww 
Q, 
Because €, =W/Q, : 1 c 4 T. 
cop = +c nd = Ah 
Ec Ec Ec 
= Ti 
Ecol, 
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Picture the Problem We can use the definition of the COP to express the work the motor 
must do to maintain the temperature of the freezer in terms of the rate at which heat flows 
into the freezer. Differentiation of this expression with respect to time will yield an 
expression for the power of the motor that is needed to maintain the temperature in the 
freezer. 


Using the definition of the COP, 
relate the heat that must be removed 
from the freezer to the work done by 
the motor: 


Solve for W: 
Differentiate this expression with 
respect to time to express the power 


of the motor: 


Express the maximum COP of the 
motor: 


Substitute to obtain: 


Substitute numerical values and 
evaluate P: 
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The Second Law of Thermodynamics 


cop = 2 

W 
w= 

COP 


p_aW _ dQ./dt 


~ dt COP 


COP... = a 
AT 


p-@Q AT 
dt T 


c 


P= ow | 2 | =| 10.0W 


1497 


Picture the Problem We can use the ideal-gas law to find the unknown temperatures, 


pressures, and volumes at points A, B, and C and then find the work done by the gas and 


the efficiency of the cycle by using the expressions for the work done on or by the gas 


and the heat that enters the system for the isobaric, adiabatic, and isothermal processes of 


the cycle. 


(a) Apply the ideal-gas law to find 
the volume of the gas at A: 


(b) We’re given that: 


Apply the ideal-gas law to this 
isobaric process to obtain: 


(2mol)(8.314J/mol- K)(600K) 


. 101.325kPa 
atm 


5atm 


=/19.7L 
QV, = 2(19.7L)= 


a 
II 


2V, 


T, =T, = = (600K) 


1200K 


A A 
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(c) Because the process C—>A is 
isothermal: 


(d) Apply the equation of state for 
an adiabatic process (y= 1.4) to find 
the volume of the gas at C: 


(e) Express and evaluate the work 
done by the gas during the isobaric 
process AB: 


Apply the first law of 
thermodynamics to express the 
work done by the gas during the 
adiabatic expansion BC: 


T3V5 a= Teva 


and 


600K 


V. v2] = os.an| 2K | . 


Cc 


=| 223L 


Wa-3= P,(V, -V,)= P,(2V, -V,) 
= PV, =(5atm)(19.7L) 
101.325J 
atm: L 


= 98.50 atm- L x 


=| 9.98kJ 


Won, B-C — AE nt B-c a Q.. B-C 
=AE 


: = AE 
int, B-C = —nc, AT, ¢ 


= —5nRAT, 


Substitute numerical values and evaluate Wp_c: 


W,.¢ =—5(2mol)(8.314J/mol- K)(600 K —1200K) = 


The work done by the gas during the isothermal compression CA is: 


Cc 


V, 19.7L 
Wo, =nRT- of = (2mol)(8.314 J/mol - K)(600 Ki 27) = 


(f) The heat absorbed during the isobaric expansion AB is: 


Q,-3 =Nc,AT, , =3nRAT, 
=| 34.9kJ 


The heat absorbed during the 
adiabatic expansion BC is: 


3 = 2(2mol)(8.314J/mol- K)(1200 K - 600K) 


Q3.c =| 0 


int, B-C 


0 


The Second Law of Thermodynamics 1499 


Use the first law of thermodynamics Qen = Wen t+ Abn cea = Ween 


to find the heat absorbed during the ~| 24 2kJ 


isothermal compression CA: 
because AFint,c_-a = 0 for an isothermal 


process. 
(g) The thermodynamic efficiency ¢ pee W 7 Wim + Wee + Wea 
is: Qin Qa-s 
Substitute numerical values and Be 9.98kJ +24.9kJ —24.2kJ 
evaluate ¢ 34.9kJ 


- [HS] 
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Picture the Problem We can use the ideal-gas law to find the unknown temperatures, 
pressures, and volumes at points B, C, and D and then find the work done by the gas and 
the efficiency of the cycle by using the expressions for the work done on or by the gas 
and the heat that enters the system for the various thermodynamic processes of the cycle. 


(a) Apply the ideal-gas law for a fixed P, =P, Va _ (5 atm) Va 
amount of gas to the isothermal - Va 
process AB: . 
oe pans 101.325kPa 
atm 
=| 253kPa 
(b) Apply the ideal-gas law for a fixed T=T PY. 
amount of gas to the adiabatic process ©? PV 
BC: 
Using the ideal-gas law, find the Vx nRT, 
volume at B: 7 r, 
_ (2mol)(8.314J/mol - K)(600K) 
253kPa 
= 39.43L 
Use the equation of state for an a Vy eases 9 Bat \ 
adiabatic process and y= 1.4 to find Vo=Vs P. ~ (39. 3 ) latm 


the volume occupied by the gas at C: 
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Substitute and evaluate Tc: T= (600K) (1atm)(75.87L) 
(2.5atm)(39.43L) 


=| 462K 


(c) Express the work done by the gas W=W, 3+Weet+tWeyptWea 
in one cycle: 


The work done during the isothermal expansion AB is: 


W,_» = MRT, nf = (2 mol)(8.314 J/mol -K)(600 Kl — 


A 


) = 6.915 kJ 


A 


The work done during the adiabatic expansion BC is: 


Wc =—CyATy_¢ =—-2nRAT,_, = —2(2mol)(8.314J/mol-K )(462 K — 600K) 
=5.737kJ 


The work done during the isobaric compression CD is: 


101.325J 
W..» = P.(V, —V..) = (Latm)(19.7 L — 75.87 L) = -56.17 atm - L x ~~ 
atm: L 
= —-5.690kJ 

Express and evaluate the work done Wr, = 9 
during the constant-volume process 
DA: 
Substitute numerical values and W =6.915kJ +5.737kJ —5.690kJ + 0 
evaluate W: =| 6.96kJ 
Using its definition, express the a W = W (1) 
thermodynamic efficiency of the Ce Oe sa So. 
cycle: 
Express and evaluate the heat Qy_p = Wap + AE,,. ,-p =Wa_p = 6.915kJ 
entering the system during the Because AE;,; = 0 for an isothermal process. 


isothermal process AB: 


Express the heat entering the system Qn-a = GyAT,_, =2nRAT, 


during the constant-volume process 
DA: 


Apply the ideal-gas law to the 
constant-volume process DA to 
obtain: 


The Second Law of Thermodynamics 1501 


latm 


P 
t=, = = (600k) =120K 
a atm 


The heat entering the system during the process DA is: 


Qy-, = 4(2mol)(8.314J/mol -K )(600K -120K) = 20.0kJ 


Substitute numerical values in 
equation (1) and evaluate the 
efficiency of the cycle: 
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6.975kJ 
= ——_____—_ =| 25.9% 
6.915kJ + 20.0kJ [25.996 | 


Picture the Problem We can use the ideal-gas law to find the unknown temperatures, 


pressures, and volumes at points A, B, and C and then find the work done by the gas and 


the efficiency of the cycle by using the expressions for the work done on or by the gas 


and the heat that enters the system for the isobaric, adiabatic, and isothermal processes of 


the cycle. 


(a) Apply the ideal-gas law to find 
the volume of the gas at A: 


(b) We’re given that: 


Apply the ideal-gas law to this 
isobaric process to obtain: 


(c) Because the process CA is 
isothermal: 


(d) Apply the equation of state for 
an adiabatic process (y= 5/3) to find 
the volume of the gas at C: 


(2mol)(8.314J/mol- K)(600K) 
101.325kPa 


atm 


5 atm x 


=|19.7L 
V, = 2V, = 2(19.7L)= 
V, 2V, 
r = ek) [1200K | 


TV ive 


and 
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(e) Express and evaluate the work 
done by the gas during the isobaric 
process AB: 


Apply the first law of 
thermodynamics to express the work 
done by the gas during the adiabatic 
expansion BC: 


-[ii) 


Wa 3= PV, -V,) z P,(2Vq -V,) 
= P,V, =(5atm)(19.7L) 
, 101.325J 
atm: L 


= 98.50atm-L 


=| 9.98kJ 


Won, BC = AE int, B-C Qn, B-C 


i= AE int, pc —9 
= AE in, BeS (nc, ATp_¢) 
=— 3 nRAT, ¢ 


Substitute numerical values and evaluate Wp_c: 


W,,, 5c = ~2(2mol)(8.314J/mol-K)(600 K —1200K) = 


The work done by the gas during the isothermal compression CA is: 


W._, =nRT- of = (2mol)(8.314J/mol -K)(600 Ki 


Cc 


- [7] 


19.7L 
111L 


(f) The heat absorbed during the isobaric expansion AB is: 


Qin, A-B nc,AT, 5 > 3nRAT, 
=| 24.9kJ 


Express and evaluate the heat 
absorbed during the adiabatic 
expansion BC: 


3 = 4(2mol)(8.314J/mol- K)(1200 K - 600K) 


Qp-c = [9] 


Use the first law of thermodynamics 
to express and evaluate the heat 
absorbed during the isothermal 
compression CA: 


(g) The definition of thermodynamic 
efficiency ¢€ is: 


Substitute numerical values and 
evaluate ¢ 
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Qc-a =Wea + AE int, c-A =Wea 


=] 


because AFin: = 0 for an isothermal process. 


Ze Wo Wag FW FW 
Q Qy-p 


Po 9.98kJ +14.9kJ —17.2kJ 


24.9kJ 
=| 30.8% 


Picture the Problem We can use the ideal-gas law to find the unknown temperatures, 
pressures, and volumes at points B, C, and D and then find the work done by the gas and 
the efficiency of the cycle by using the expressions for the work done on or by the gas 
and the heat that enters the system for the various thermodynamic processes of the cycle. 


(a) Apply the ideal-gas law for a 
fixed amount of gas to the 
isothermal process AB: 


(b) Apply the ideal-gas law for a 
fixed amount of gas to the adiabatic 
process BC: 


Using the ideal-gas law, find the 
volume at B: 


Use the equation of state for an 
adiabatic process and y= 5/3 to find 
the volume occupied by the gas at 
G: 


P, =P, Lan = (Satm)4 
2V 


B A 
B A 
101.3kPa 
= 2.50 atm x ——-—— =] 253kPa 
je peu 
P3Vp 
a nRT,, 
P, 
_ (2mol)(8.314J/mol - K)(600K) 
253kPa 
= 39.43L 
Vy 3/5 
Vo v2) = saat] 252) 
A atm 
= 68.33L 
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Substitute and evaluate Tc: 


(c) Express the work done by the 
gas in one cycle: 


(1atm)(68.33L) 
(2.5atm)(39.43L) 


=| 416K 


W=W,3tWeotWeptWpon 


T.. = (600K) 


The work done during the isothermal expansion AB is: 


2V, 


W,_» =nRT, of 2 = (2mol)(8.314J/mol-K)(600 Ki 2. =6.915kJ 


A 


A 


The work done during the adiabatic expansion BC is: 


Wa c =—CyATs.¢ =—2nRAT;_, = —2(2mol)(8.314J/mol-K)(416 K — 600K) 


= 4.589 kJ 


The work done during the isobaric compression CD is: 


W..» = P.(V> —V.) = (latm)(19.7 L — 68.33L) = —48.63atm - L x 


= —4,926kJ 


The work done during the constant- 
volume process DA is: 


Substitute numerical values in 
equation (1) to obtain: 


The thermodynamic efficiency of 
the cycle is given by: 


The heat entering the system during 


the isothermal process AB is: 


The heat entering the system during 
the constant-volume process DA is: 


101.3J 
atm: L 


Wp, =O 


W =6.915kJ + 4.589kJ — 4.926kJ + 0 


- [E581] 


WoW 
Qin Qa a Qp-a 


Et= 


(2) 


Q, 3 =Wa et AE int, ap Was 
= 6.915kJ 


because AFint = 0 for an isothermal process. 


Qp-a = CyATh_« = 3nRAT, A 
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ideal- P, lat 
Apply the ideal-gas law to the ( (600K) atm _ 120K 
constant-volume process DA to "A 
obtain: 


The heat entering the system during the process DA is: 


Q,., = 4(2mol)(8.314J/mol-K )(600K -120K) =12.0kJ 


Substitute numerical values in = 6.58kJ _ 
equation (2) and evaluate the 6.915kJ +12.0kJ 
efficiency of the cycle: 


34.8% 
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Picture the Problem We can express the efficiency of the Otto cycle using the result 
from Example 19-2. We can apply the relation TV” * = constant to the adiabatic 
processes of the Otto cycle to relate the end-point temperatures to the volumes occupied 
by the gas at these points and eliminate the temperatures at c and d. We can use the ideal- 
gas law to find the highest temperature of the gas during its cycle and use this 
temperature to express the efficiency of a Carnot engine. Finally, we can compare the 
efficiencies by examining their ratio. 


The efficiency of the Otto engine is a Tf, (1) 
given in Example 19-2: : T=, 


where the subscripts refer to the various 
points of the cycle as shown in Figure 19- 


3. 
Apply the relation net v, rl 
TV” * = constant to the adiabatic be al Se 
b 
process a—>b to obtain: 
Apply the relation —_ V, yi 
TV’ =constant to the adiabatic ec +al 7 


process cd to obtain: 


Subtract the first of these equations 
from the second to obtain: c 
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In the Otto cycle, V, = Vaand V yt V yt 
V. = V,. Substitute to obtain: ee ae v =i, vy 
b b 
y-1 
= (T, i [% 
b 
Substitute in equation (1) and er T, -T, 
simplify to obtain: " vy =A 
(I, =f, —_ 
b 


Vv). © 
=1- _b =]-—4% 
V. T, 


a 
Note that, while T, is the lowest 
temperature of the cycle, T, is not the 
highest temperature. 


Apply the ideal-gas law to c and b to Foy a eA ee 7 
obtain an expression for the cycle’s > “ P, 
highest temperature T,: 

Express the efficiency of a Carnot ee, pt 

engine operating between the a A 

maximum and minimum 

temperatures of the Otto cycle: 

Express the ratio of the efficiency of 1- T, 

a Carnot engine to the efficiency of & ide sl hecatise Se 
an Otto engine operating between Eo 4_+2 

the same temperatures: T, 
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Picture the Problem We can use nR = C,—C,, y =C,/C, , and TV’ ‘=a constant 


to show that the entropy change for a quasi-static adiabatic expansion that proceeds from 
state (V1,T;) to state (V2,T>) is zero. 


Express the entropy change for a T. 

. ee AS =C, In| 22. |4+nRIn| 2 
general process that proceeds from V, 
state 1 to state 2: 
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For an adiabatic process: i v, as 
TY 


Substitute and simplify to obtain: 


Use the relationship between Cp and Cy nR=C, -C, 
to obtain: 
Substitute for nR and yand simplify: C 
AS = In Ve Cy Gy --1]C, 
V, Cy 
=| 0 
80 ecco 


Picture the Problem 

(a) Suppose the refrigerator statement of the second law is violated in the sense that heat 
Q, is taken from the cold reservoir and an equal mount of heat is transferred to the hot 
reservoir and W = 0. The entropy change of the universe is then AS, = Q,/Ty — Q./Te. 
Because T,, > T,, S, <0, i.e., the entropy of the universe would decrease. 


(b) In this case, is heat Q; is taken from the hot reservoir and no heat is rejected to the 
cold reservoir, i.e., Q, = 0, then the entropy change of the universe is AS, = —Q;/T) + 0, 
which is negative. Again, the entropy of the universe would decrease. 


(c) The heat-engine and refrigerator statements of the second law only state that some 
heat must be rejected to a cold reservoir and some work must be done to transfer heat 
from the cold to the hot reservoir, but these statements do not specify the minimum 
amount of heat rejected or work that must be done. The statement 

AS, = 0 is more restrictive. The heat-engine and refrigerator statements in conjunction 
with the Carnot efficiency are equivalent to AS, = 0. 
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Picture the Problem We can express the net efficiency of the two engines in terms of 
W,, W>, and Q, and then use & = W,/Q) and & = W2/Q, to eliminate W;, W2, Qh, and Qn. 


Express the net efficiency of the two — W,+W, 
engines connected in series: — Q, 
Express the efficiencies of engines 1 _W, 
62 — 
and 2: Q, 
and 
W. 
La. 
Qn 
Solve for W; and W> and substitute ae €,Q, +6.Q, ae Qu 
to obtain: = Q, : OF ° 
Express the efficiency of engine 1 in otio On 
terms of Q,, and Q;: : Q, 
Solve for Qy/ Qh: On 48 
Q, 
Substitute to obtain: eee (1 a é) es 


*B2 eve 

Picture the Problem We can express the net efficiency of the two engines in terms of 
W,, W>, and Q, and then use & = W,/Q) and & = W2/Q, to eliminate W;, W2, Qh, and Qn. 
Finally, we can substitute the expressions for the efficiencies of the ideal reversible 
engines to obtain ¢,,, =1—T./T,. 


Express the efficiencies of ideal Pe ee Lo (1) 
reversible engines 1 and 2: ; T. 
and 
iN 
= (2) 
Express the net efficiency of the two a W,+W, (3) 


. . . net 
engines connected in series: Q, 


Express the efficiencies of engines 1 
and 2: 


Solve for W; and W> and substitute 
in equation (3) to obtain: 


Express the efficiency of engine 1 in 
terms of Q,, and Q;: 


Solve for Qy/ Qh: 


Substitute to obtain: 


Substitute for ¢, and & and 
simplify to obtain: 
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5 ote 
Q, Qn 
60, +250), Qi. 
net = Sh =e, +—— &, 
Q, Q, 
¢,=1-2a 
Qn 
Dis eqns 
Q, 


=1 T +4 Ts Ti, =/1 di 
T, T, T, T, 
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Picture the Problem There are 26 letters and four punctuation marks (space, comma, 
period, and exclamation point) used in the English language, disregarding capitalization, 
so we have a grand total of 30 characters to choose from. This fragment is 330 characters 


(including spaces) long; there are then 30°” different possible arrangements of the 


character set to form a fragment this long. We can use this number of possible 
arrangements to express the probability that one monkey will write out this passage and 
then an estimate of a monkey’s typing speed to approximate the time required for one 

million monkeys to type the passage from Shakespeare. 


Assuming the monkeys type at 
random, express the probability P 
that one monkey will write out this 
passage: 


Use the approximation 


30 ~ 41000 =10'” to obtain: 


Assuming the monkeys can type at a 
rate of 1 character per second, it 
would take about 330 s to write a 
passage of length equal to the 
quotation from Shakespeare. Find 
the time T required for a million 
monkeys to type this particular 
passage by accident: 


3 
i = 39°" 
1 1 = 
Pe 1.9 {1:5)339) - 104% =10™ 
_ (330s)(10*) 
iG: 
491 ly 
= (3.30 x10 s)} ——¥ _ 
3.16x10's 
~ 1044 y 
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Express the ratio of T to Russell’s T 104 

estimate: = 6 Y = 10°” 
Trussell 10 y 
or 


T ~| 10°°T. 


Russell 


Chapter 20 
Thermal Properties and Processes 


Conceptual Problems 


*1 . 
Determine the Concept The glass bulb warms and expands first, before the mercury 
warms and expands. 


2 ° 
Determine the Concept The heating of the sheet causes the average separation of its 
molecules to increase. The consequence of this increased separation is that the area of the 


hole always increases. | (b) is correct. 


3 e 
Determine the Concept Actually, it can be hard boiled, but it does take quite a bit longer 


than at sea level. | (c) is the best response. 


4 e 
Determine the Concept Gases that cannot be liquefied by applying pressure at 20°C are 
those for which 7, < 293 K. These are He, Ar, Ne, Ho, Oo, NO. 


*5 oo 

(a) With increasing altitude, P decreases; from curve OF, T of the liquid-gas interface 
diminishes, so the boiling temperature decreases. Likewise, from curve OH, the melting 
temperature increases with increasing altitude. 


(6) Boiling at a lower temperature means that the cooking time will have to be increased. 
6 ° 


Picture the Problem We can apply the Stefan-Boltzmann law to relate the rate at which 
an object radiates thermal energy to its environment. 


Using the Stefan-Boltzmann law, P =eoAT* 

relate the power radiated by a body where A is the surface area of the body, ois 

to its temperature: Stefan’s constant, and e is the emissivity of 
the object. 


Because P varies with the fourth power of 7, tripling the temperature increases the rate at 


which it radiates by a factor of 3* and | (d) is correct. 
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*7 ‘ 


Determine the Concept The thermal conductivity of metal and marble is much greater 
than that of wood; consequently, heat transfer from the hand is more rapid. 


8 e 
(a) True 


(5) True 


(c) False. The rate at which an object radiates energy is proportional to the fourth power of 
its absolute temperature. 


(d) False. Water contracts on heating between 0°C and 4°C. 
(e) True 
9 e 


Determine the Concept Because atoms are few and far between in space, the earth can 
not lose heat by conduction or convection. Thermal energy is radiated through space in the 


form of electromagnetic waves that move at the speed of light. | (c) is correct. 


10 = 

Determine the Concept Because there is little, if any, molecule-to-molecule 
transportation of energy into a fireplace-heated room, the mechanisms are radiation and 
convection. 


11 
Determine the Concept In the absence of matter to support conduction and convection, 
radiation is the only mechanism. 


12. 
Determine the Concept Because the amount of heat lost by the house is proportional to 
the difference between the house temperature and that of the outside air, the rate at which 
the house loses heat (that must be replaced by the furnace) is greater at night when the 
temperature of the house is kept high than when it is allowed to cool down. 


13 eo 


Picture the Problem The rate at which heat is conducted through a cylinder is given by 
I =dQ/dt = kAAT / Ax where A is the cross-sectional area of the cylinder. 


Express the rate at which heat is _ 2 AT 
I, =k,a2d, — 
conducted through cylinder A: 
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Express the rate at which heat is L=hardts AT 
Bp Kp dp 
conducted through cylinder B: 
Equate these expressions to obtain: AT AT 
q , k,n a? — = kad — 
or 


ide a Ace 


Because da = 2dp: k,(2d,) = kad 


and 


4k, =k,=>| (a) is correct. | 


14 

Determine the Concept Most objects of everyday experience are at temperatures near 
the mean temperature of the earth, about 300 K. Their blackbody spectrum therefore has 
a peak near Amax = 2.898 mm K/ 300 K =~ 0.01 mm = 10 pm = 10,000 nm. These 
wavelengths are in the infrared region of the spectrum, so the heat which most objects 
radiate away can be detected most easily in the infrared, which is the spectral region 
where most night-vision goggles and other types of optical "heat detectors" operate. 
However, if the temperature of the object increases, the wavelength decreases; so the 
peak radiation can be found in any spectral region, not just the infrared. 


*15 

Determine the Concept The temperature of an object is inversely proportional to the 
maximum wavelength at which the object radiates (Wein’s displacement law). Because 
blue light has a shorter wavelength than red light, an object for which the wavelength of 
the peak of thermal emission is blue is hotter than one that is red. 


Estimation and Approximation 


16 eee 
Picture the Problem We can express the heat current through the insulation 

in terms of the rate of evaporation of the liquid helium and in terms of the temperature 
gradient across the superinsulation. Equating these equations will 

allow us to solve for the thermal conductivity & of the superinsulation. 


Express the heat current in terms of I=L dm 
the rate of evaporation of the liquid " dt 
helium: 

AT 
Express the heat current in terms of f= 740° 


the temperature gradient across the 
superinsulation and the conductivity 
of the superinsulation: 
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Equate these expressions and solve 
for k: 


Using the definition of density, 
express the rate of loss of liquid 
helium: 


Substitute to obtain: 


Express the ratio of the area of the 
spherical container to its volume: 


Solve for A: 


Substitute to obtain: 


Substitute numerical values and evaluate k: 


k= 


(21kI/kg)(7x10~ m)(125 beim 


phy 
_ dt 
AAT 
aD 
dt dt 
ikee 
a dt 
AAT 
A_ Anr* 
Vo An’ 


0.7 x10° m°* 


V362V°AT 


17 ee 


: a J. 3.13x10° Wim-K 
*/367(200x10~ m’) (288K) 


Picture the Problem We can use the thermal current equation for the thermal 


conductivity of the skin. 
Use the thermal current equation to 
express the rate of conduction of 


thermal energy: 


Solve for k to obtain: 


Substitute numerical values and 
evaluate k: 


ae 
Ax 
I 
k =—_~ 
pu 
Ax 
_ 130 
(1.8m?) 


=| 18.1mW/m-K 
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Picture the Problem The amount of heat radiated by the earth must equal the solar flux 
from the sun, or else the temperature on earth would continually increase. The emissivity 
of the earth is related to the rate at which it radiates energy into space by the Stefan- 


Boltzmann law P. = eoAT*. 


Using the Stefan-Boltzmann law, P =ecA'T’* 
express the rate at which the earth : 
radiates energy as a function of its 
emissivity e and temperature 7: 


where 4’ is the surface area of the earth. 


Solve for the emissivity of the earth: ie 
OAT? 

Use its definition to express the | aan 

intensity of the radiation received Le A 

by the earth: where 4 is the cross-sectional area of the 

earth. 

For 70% absorption of the sun’s OTP 

radiation incident on the earth: i= A 

Substitute for P, and A and simplify 0.741 0.77 R71 0.77 

to obtain: a= = = 

pore oAT’ 4nRoT* 4oT* 

Substitute numerical values and 0.7(1 370 wim?) 

luate e: = 

ea 4(5.670x10* W/m? -K‘ )(288K)* 
=| 0.615 
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Picture the Problem The wavelength at which maximum power is radiated by the gas 
falling into a black hole is related to its temperature by Wien’s displacement law. 


Express Wien’s displacement law: A = 2.898mm-K 
‘max T 
Substitute for 7 and evaluate Amax: ; : 
ubstitute for T and evaluate a= 2 oe K _ 7 90nm 


Thermal Expansion 


20° 

Picture the Problem We can find the length of the ruler at 100°C by adding its 
elongation due to the increase in temperature to its length at 20°C. We can find its 
elongation using the definition of the coefficient of linear expansion @ = (AL/ L)/ AT. 
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Express the length of the ruler at 
100°C in terms of its length at 20°C, 
its coefficient of linear expansion, 
and the change in its temperature: 


Substitute numerical values and 
evaluate Lyo9°c: 


21 eo 


L 


= Loge t AL 
= Lagog + OLygec AT 
= Lipo (1+ QAT) 


100°C 


Lyooee = (30cm) |1+ (11x10°° /K )(80K)| 


- [30126 


Picture the Problem We can let the definition of the coefficient of linear expansion 
a= (AL/ L)/ AT , with AA replacing AL and A replacing L suggest a definition of the 


coefficient of area expansion. 
(a) Letting yrepresent the 
coefficient of area expansion we 


have: 


(6) For a square: 


Divide both sides of the equation by 
A to obtain: 


Substitute in equation (1) to obtain: 


Let AT->0 to obtain: 


For a circle: 


Divide both sides of the equation by 
A to obtain: 


Substitute in equation (1) to obtain: 


_| A4/A 


AA =|L(1+aAT)P -L 


= P(1+2aAT +a@°AT?)- 2 
= A(QaAT + a?AT?) 


= = 2a@AT +a@’°AT’ 


je 2aAT +a@’°AT? 


=2a+a’°AT 


AT 


AA = a[R(1+@AT)]° —2 R? 


= 1 R?(L+2QAT +0? AT?)~ 7 R? 
= A(2aAT +a? AT?) 


“ = 2aAT +a’°AT’ 


p= 2aAT + a°AT° 


=2a+a°AT 


AT 
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Let AT-0 to obtain: ye 


22. 
Picture the Problem While the mass of a sample of aluminum will remain constant with 
increasing temperature, its volume will increase due to thermal expansion. Consequently, 
its density will decrease with increasing temperature. We can use the definition of density 
(mass/unit volume) to express the density when its volume has increased by AV and the 
definition of the coefficient of volume expansion to relate AV to the increase in 
temperature AT. The relationship 6= 3a will allow us to relate the coefficient of volume 
expansion to the coefficient of linear expansion. 


Express the density of aluminum ’ p= a m/V 

when its volume has changed V+AV 1+AV/V 

by AV: 

Using the definition of the pr Po p 

coefficient of volume expansion, 1+ BAT 1+3aAT 

substitute for AV/V to obtain: because (= 3a. 

Substitute numerical values and _ 2.70x10° kg/m? 

evaluate (7: P * 143(24%10° /K)(200K) 
=| 2.66x10° kg/m° 
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Picture the Problem Because the temperature of the steel shaft does not change, we need 
consider just the expansion of the copper collar. We can express the required temperature 
in terms of the initial temperature and the change in temperature that will produce the 
necessary increase in the diameter D of the copper collar. This increase in the diameter is 
related to the diameter at 20°C and the increase in temperature through the definition of the 
coefficient of linear expansion. 


Express the temperature to which T=T,+AT 
the copper collar must be raised in 

terms of its initial temperature and 

the increase in its temperature: 


Apply the definition of the AD 
coefficient of linear expansion to AT = D 
express the change in temperature a 


required for the collar to fit on the 
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shaft: 
Substitute to obtain: THT+¢ AD 
aD 
Substitute numerical values and T =293K + = cm 
evaluate T: 07 x107 /K)(5.98cm) 
= 490K =| 217°C 
#24 0 


Picture the Problem Because the temperatures of both the steel shaft and the copper 
collar change together, we can find the temperature change required for the collar to fit the 
shaft by equating their diameters for a temperature increase AT. These diameters are 
related to their diameters at 20°C and the increase in temperature through the definition of 
the coefficient of linear expansion. 


Express the temperature to which the T=T,+AT (1) 
collar and the shaft must be raised in 

terms of their initial temperature and 

the increase in their temperature: 


Express the diameter of the steel Deer = Psteei,20°C (1+ era i ) 
shaft when its temperature has been 
increased by AT: 
Express the diameter of the copper Dou = Peu20c (1+ Ae, AT ) 
collar when its temperature has been 
increased by AT: 
If the collar is to fit over the shaft Deu2wc (1 + Qo, AT ) 
when the temperature of both has =D caaied (1 Pilg ) 
been increased by AT: 
Solve for AT to obtain: a Dyeeiz0e ~ Peu20°¢ 
D cu,20°C&%cu — D steel,20°C@ steel 
Substitute in equation (1) to obtain: T=T4 Det 0°C —Deiove 
aac | 
D Cu,20°C% cu — D steel,20°C “steel 


Substitute numerical values and evaluate T: 


6.0000 cm — 5.9800 cm 


T=293K+ 
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(5.98cm)(17x10~° /K)—(6.00cm)(11x10°°/K) ~ aoa =| HIG] 


Picture the Problem The linear expansion coefficient of the container is one-third its 


coefficient of volume expansion. We can relate the changes in volume of the mercury and 


the container to their initial volumes, temperature change, and coefficients of volume 


expansion, and, because we know the amount of spillage, obtain an equation that we can 


solve for (i. 


Relate the linear expansion 
coefficient of the container to its 
coefficient of volume expansion: 


Express the difference in the change 
in the volume of the mercury and 
the container in terms of the 
spillage: 


Express AV,,, using the definition 


of the coefficient of volume 
expansion: 


Express AV. using the definition of 


the coefficient of volume expansion: 


Substitute to obtain: 


Solve for (i: 


a, = 38, (1) 


AVy, —AV, = 7.5mL 


May = Ba agAT 


AV. = BV AT 


BaQVaghT -— BVAT =7.5mL 


BuVighT -7.5mL 
VAT 


or, because V = Vu, = V., 


p= 
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Substitute in equation (1) to obtain: =4 7.9mL 
= 3 Pia apap 
a 7.5mL 
"8 3VAT 
Substitute numerical values and 3 7.5mL 
a, = 4(0.18x107/K) 
evaluate a: 3(1.4L (40K) 
=|15.4x10°K* 
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Picture the Problem We can use dre,168°c = Gre,20°c(1+ @reAT) to find the diameter of the 
hole in the aluminum sheet at 168°C and then daj.0°c = daticsec(1-@aiA7) to find the 
diameter of the hole when the sheet has cooled to room temperature. 


Relate the diameter of the hole/steel dee,168°C = Ake,20°c(1+ QpeAT) 
drill bit at 168°C to its diameter at 
20°C: 


Substitute numerical values and evaluate dre,168°c: 


dye segee. = (6.245cm)|l +1110 K “(148K )]= 6.255cm 


Fe,168°C 


Express the diameter of the hole in Daas =U peel GAT) 
the plate at 20° C: 


Substitute numerical values and evaluate daj.0°c: 


d se =(6.255em)[—(24x10° K*\148k)]= 


Remarks: Note that the diameter of the hole in the plate at 20°C is less than the 
diameter of the drill bit at 20°C. 


*27 ee 
Picture the Problem Let Z be the length 
of the rail at 20°C and L’ its length at 
25°C. The diagram shows these 
distances and the height / of the buckle. 
We can use Pythagorean theorem to 
relate the height of the buckle to the 
distances Z and L’ and the definition of 
the coefficient of linear expansion to 
relate LZ and L’. 


Apply the Pythagorean theorem to 
obtain: 


Use the definition of the coefficient 
of linear expansion to relate L and 
L': 


Substitute to obtain: 


Substitute numerical values and 
evaluate h: 
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Le = La + Aster AT a 
or, because (QsteaAT y << 2AstesAT, 
L? = L°(1 + 2QtecAT) 


h= ; P (1+ 2@ea AT )— 2 
= = 2A te AT 

i= = 2(11x10* K7)(5K) 
=| 5.24m 


Picture the Problem The amount of gas that spills is the difference between the change in 


the volume of the gasoline and the change in volume of the tank. We can find this 


difference by expressing the changes in volume of the gasoline and the tank in terms of 


their common volume at 10°C, their coefficients of volume expansion, and the change in 


the temperature. 


Express the spill in terms of the 
change in volume of the gasoline 
and the change in volume of the 
tank: 


Relate AV,.; to the coefficient of 
volume expansion for gasoline: 


Vspitt = AV gas _ AViank 


AV gas = PoasVAT 
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Relate AV an, to the coefficient of AV ank = rank VAT 
linear expansion for steel: or, because Aiecl = 3 steels 
AV ank= 3 Asteel VAT 


Substitute to obtain: Vepin = BoasVAT — 3 6tesVAT 
= VAT (Beas _ 3 Atel) 


Substitute numerical values and evaluate V,,i1;: 


Von, = (60L)(15K)|0.9x10° K*-3(11x10 K*)]= 


29 we 

Picture the Problem We can relate the diameter of the capillary tube to the height the 
mercury rises for a 1°C increase in temperature and to the difference in the volume changes 
of the mercury in the bulb and the glass bulb. These volume changes can, in turn, be 
expressed in terms of the coefficients of volume expansion of mercury and glass. 


Express the net change in volume of AV = AV ug — AV glass = AAL 

the mercury in the thermometer and where A = zd’/4 is the cross-sectional area 
the bulb and tube of the glass of the capillary tube and d is its diameter. 
thermometer: 

Relate AV, to the coefficient of AVug = BugVAT 


linear expansion for mercury: 


Relate AV,ja;; to the coefficient of AV glass = BelassVAT 
linear expansion for glass: or, because [glass = 3 glass» 
AV glass = 3 Agiass VAT 


Substitute to obtain: md* 


4) = Ba,VAT -— 3a VAT 


glass 


=VAT (Brg —3& gas) 


Solve for d: 4VAT 
d = AL (Bie Bat pac) 


Substitute numerical values and evaluate d: 


-6 3 
4 = [P= 2D sgns0?K*—aon10° Kk") = [OA 
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Picture the Problem We can relate the volume of the thermometer bulb to the height the 
mercury rises for the 8 C° increase in temperature and to the difference in the volume 
changes of the mercury in the bulb and the glass bulb. These volume changes can, in turn, 
be expressed in terms of the coefficients of volume expansion of mercury and glass. 


Express the net change in volume of AV = AVug — AV glass = AAL 

the mercury in the thermometer and where A = zd’/4 is the cross-sectional area 
the bulb and tube of the glass of the capillary tube and d is its diameter. 
thermometer: 

Relate AV, to the coefficient of AVug = BugVAT 

linear expansion for mercury: or, because Jug = 3Qug, 


A Viig= 3 Og VAT 


Relate AV,ja;; to the coefficient of AV glass = BelassVAT 
linear expansion for glass: or, because Agiass = 3Qlasss 
AV siass = 3 Aglass VAT 


Substitute to obtain: BagVAT — 3Qga,,.VAT = AAL 
Solve for V and substitute for A: fra AAL 
(Bre ~ 3A glass Jar 
md? AL 


~ A(Bug —3Crgua AT 


Substitute numerical values and evaluate V: 


= n(0.4x10° m) (7.5x107 - - 
v= 40.1810" Kt 3(9 x10 we K) = 
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Picture the Problem We can determine whether the clock runs fast or slow from the 
expression for the period of a simple pendulum and the dependence of its length on the 
temperature. Letting 7p represent the period of the pendulum and 7 the temperature, we 
can evaluate d7T,/dT and use a differential approximation to find the time gained or lost in 
a 24-h period. 


(a) Express the period of the L 
: T, =27,/— 
pendulum in terms of its length: E g 
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Because 7, VL and Lis temperature dependent, the clock runs slow. 


(6) Because the clock runs slow at 
the higher temperature, we know 
that it will lose time. Express the 
loss in terms of the loss each period 
and the elapsed time At: 


dT, 
Write — as the product of 
dT 


ae and ae 
dL dT 


Evaluate E 


and simplify to obtain: 


Express the dependence of the 
length of the pendulum on its 
calibration length Zp and the 
coefficient of linear expansion of 
brass a: 


dL 
Evaluate —: 
dT 


Substitute to obtain: 
Use the differential approximation 
to obtain: 


Substitute numerical values and 
evaluate ATp/Tp: 


Loss = ap At (1) 
T, 

dT, dT, db 

ar di. .df 


dk od 

— =—~—|L,\1+ a@AT )|= aL 
aT ail A +a )I Athy 
dT, i a 
—_ =] —— =—T. 
dT al ) a= 
oe T, or ae AT 
AT 

AT, 


= 1(19x10* /K)(10K) 


P 


=9,50x10° 
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Substitute numerical values in 


Loss = (9.50x10° [2an x ees 


equation (1) to obtain: 


=| 8.21s 
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Picture the Problem The steel tube will fit inside the brass tube when its outside diameter 
equals the inside diameter of the brass tube. We can use the definition of the coefficient of 
linear expansion to express the diameters of the tubes when they fit in terms of the 
required temperature change and equate these expressions to find AT. 


Express the temperature at which T=T7,+AT=293K+AT (4) 
the steel tube will fit inside the brass 

tube in terms of their initial 

temperature and the change in 

temperature: 


Express the condition that the steel Bada = Cincs 
tube will fit inside the brass tube: 


Relate the diameter of the steel tube E coor = Ao steel (1+ ght ) 
to its initial diameter, coefficient of 

linear expansion, and the change in 

temperature: 


Relate the diameter of the brass tube Aras = 4 0, brass (1+ Brass AT ) 
to its initial diameter, coefficient of 
linear expansion, and the change in 


temperature: 
Substitute to obtain: ital (1 + OteAT ) = Ch egicss (1 os OryassAT ) 
Solve for AT: Geeta = Ca 


AT = 


Cine lipers = Go nai aes 


Substitute numerical values and evaluate A7: 


3.000cm — 2.997 cm 
(3.000cm)(19x10° K“)- (2.997 cm)(11x10° K+ 


=125K 
) 


Substitute in equation (1) to evaluate AT: T = 293K +125K = 418K =| 145°C 
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Picture the Problem We can use the definition of Young’s modulus to express the 
tensile stress in the copper in terms of the strain it undergoes as its temperature returns to 
20°C. We can show that AL/L for the circumference of the collar is the same as Ad/d for 
its diameter. 


‘ A . AL 
Using Young’s modulus, relate the Giesc= YxSeave ¥ 


stress in the collar to its strain: are 


where Loc is the circumference of the 


collar at 20°C. 
Express the circumference of the Le =f 
collar at the temperature at which it 
fits over the shaft: 
Express the circumference of the Lage = Monee 
collar at 20°C: 
i in: — 7d. 
Substitute to obtain: Srasga yet 20°C 
20°C 
=V d, Zz Anoe¢ 
doige 
i i 0.02cm 
Substitute numerical values and Sireee= (11x10 N/m 2) 
evaluate the stress: 5.98cm 


=| 3.68 x10°2 N/m? 


The van der Waals Equation, Liquid-Vapor Isotherms, and Phase 
Diagrams 


34 

Picture the Problem We can apply the ideal-gas law to find the volume of 1 mol of steam 
at 100°C and a pressure of 1 atm and then use the van der Waals equation to find the 
temperature at which the steam will this volume. 
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(a) Use the ideal-gas law to find the y= nRT 
volume: P 

(1mol)(8.314 J/mol- K)(373K) 
. 101.325kPa 


latm 
atom 
= 3.06x10° m° x = - 
10° m 
=| 30.6L 
(b) pole van der Waals equation for [p = an’ ) (v _ bn) 
T to obtain: 2 
T= 
nR 
Substitute numerical values and evaluate T: 
[ps |r) (0.55 Pa-m°/mol’) (1mol)’ 
T= {oi sip 2 oe (Lmol) 
nR (3.06x107 m’) 


3.0610 m? — (30x10°° m*/mol) (1mol) 


(1mol) (8.314J/mol-K) 
=| 375K 
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Picture the Problem We can find these temperatures and pressure by consulting Figure 
20-3. 


(a) At 70 kPa, water boils at: te 
(b) At 0.5 atm (about 51 kPa): boot © 


(c) For thoil = 115°C: P 


170kPa 


Q 


*36 ee 
Picture the Problem Assume that a helium atom is spherical. Then we can find its radius 
from V = 4z7r’ and its volume from the van der Waals equation. 
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Express the radius of a spherical F BV 
, : r= 3/— 
atom in terms of its volume: Ar 


In the van der Waals equation, b is = (0.0237 L/mol)(10° cm?/L) 
the volume of 1 mol of molecules. 6.022 x10” atoms/mol 
For He, 1 molecule = 1 atom. Use ~3.94x10°22 cm3/atom 
Avogadro’s number to express 6 in 
cm°/atom: 
Substitute numerical values and 3b _, 3(3.94 «10°73 cm’) 
evaluate r: ae Ar i. Ar 

= 2.11x10° cm =] 0.211nm 
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Picture the Problem Because, at the critical point, dP/dV = 0 and d°P/dV* = 0, we can 
solve the van der Waals equation for P and set its first and second derivatives equal to zero 
to find V.. We can then eliminate V. between these equations to find 7, and then substitute 
in the van der Waals equation to express P.. Finally, we can use their definitions to rewrite 
the van der Waals equation in terms of the reduced variables. 


(a) Solve the van der Waals P= nART | an* 1 
equation for P: V-bn Vv? @ 
Evaluate dP/dV: aP oa | Arr an* 
dV dV|\V—-bn V* 
2 
_ nRT af zi (2) 
(V—nb) V 
= 0 for extrema 
a d°*P aP oa nRT —— 2an* 
Va uate ——; : A = 3 + 5 
dV dvV* dV| (V-nb) V 
2nRT — 6an* 
= oA (3) 
(V—nb) V 
= 0 for critical points 
2 2 
Solve equation (2) for zoel : aul = - (4) 


y v= (V—nby 
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2 


2nRT 
Solve equation (3) for ———: balk = ee 5 (5) 
V V (V - nb) 
Divide equation (4) by equation (5) 1yV =1(V -nb) 
and simplify to obtain: 
Solve for V = V.: V..=3nb 
Substitute in equation (4): 2an? NRT, 


27n*b* — (3nb—nb) 


Simplify and solve for 7: Te 8a 
: 27Rb 
Substitute for V. and 7, in equation aR 8a 
2 
(1) and simplify to obtain: RO 
© 3bn-bn (3bn)’ |_27b? 


(b) Using the result for V, from (a), pe Ne sk > and = nb 
express the reduced volume /;: [ V. 3nb ' 
Using the result for 7, from (a), T= aa = 27RbT 
express the reduced temperature 7;,: ree 8a 
and 
_ 8a 
27Rb ° 
Using the result for P, from (a), p- i 27b°P 
express the reduced pressure P;: a P. og 
and 
p.—£ 
27a: 
Substitute in the van der Waals 7 
; _ Z eal (3nbV, —bn) 
equation to obtain: 275°" (8nb y ‘ 
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Simplify to obtain: 


Heat Conduction 


38s 

Picture the Problem We can use their definitions to find the thermal resistance of the bar, 
the thermal current in the bar, and the temperature gradient in the bar. Because the 
temperature varies linearly with distance along the bar, we can express the temperature in 
terms of the thermal gradient and evaluate this expression 25 cm from the hot end. 


(a) Using its definition, find the R Ax Ax 
thermal resistance of the bar: kA kar’ 


~ (401W/m-K)|z(10~ m? 


- [155K | 


(5) Using its definition, find the j= AT _ 100K -1629W 
thermal current in the bar: R 15.9K/W 

(c) Substitute numerical values and AT - 100K heim [ 50K/m | 
evaluate the temperature gradient: Ax 2m 

(d) Express the linear dependence of vee aT A 

the temperature in the bar on the 

distance from the cold end: 

Substitute numerical values and T(L.75m) = 273K +(50K/m)(1.75m) 
evaluate 7(1.75 m): =360.5K =| 87.5°C 
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Picture the Problem We can use its definition to express the thermal current in the slab 
in terms of the temperature differential across it and its thermal resistance and use the 
definition of the R factor to express / as a function of AT, the cross-sectional area of the 
slab, and Ry. 


Express the thermal current through om AT 
the slab in terms of the temperature R 
difference across it and its thermal 


resistance: 


Substitute to express R in terms of 
the insulation’s R factor: 


Substitute numerical values and 
evaluate /: 


40 
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(20 ft)(30 ft )(68°F — 30°F) 
11h-ft*-F°/Btu 
2.07 kBtw/h 


II 
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Picture the Problem We can use R = Ax/KA to find the thermal resistance of each cube 


and the fact that they are in series to find the thermal resistance of the two-cube system. 
We can use J = AT/R to find the thermal current through the cubes and the temperature 


at their interface. 


(a) Using its definition, express the 
thermal resistance of each cube: 


Substitute numerical values and 
evaluate the thermal resistance of 
the copper cube: 


Substitute numerical values and 
evaluate the thermal resistance of 
the aluminum cube: 


(5) Because the cubes are in series, 
their thermal resistances are 
additive: 


(c) Using its definition, find the 
thermal current: 


(d) Express the temperature at the 
interface between the two cubes: 


Express the temperature differential 
across the copper cube: 


3cm 
(401W/m-K)(3cm) 


=| 0.0831 K/W 


3cm 
(237 W/m-K)(3cm)° 


=| 0.141K/W 


R=K,, thy 
= 0.0831 K/W +0.141K/W 


- [OAK] 


Rou 


Al 


AT  373K—293K 
[= = =| 357W 
R 0.224 K/W [357 | 


T, 


interface 


= 373K -AT., 
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Substitute numerical values and Lindi = Oo — Re, 
evaluate Tinterface! = 373K —(357 W)(0.0831K/W) 


= 343.3K = 


41 
Picture the Problem We can use J = AT/R and R = Ax/KA to find the thermal current in 


each cube. Because the currents are additive, we can find the equivalent resistance of the 
two-cube system from R,, = AT/J. 


(a) Using its definition, express the = AT 
thermal current through each cube: R 
Using its definition, express the R= Ax 
thermal resistance of each cube: kA 
in: kKAAT 
Substitute to obtain: ie x (1) 


Substitute numerical values in equation (1) and evaluate the thermal current in the 
copper cube: 


2 
fie (401W/m- een) (373K -293K) _ PET 
cm 


Substitute numerical values in equation (1) and evaluate the thermal current in the 
aluminum cube: 


(237 W/m: K)(3cm) (373K — 293K) 


a= =| 569W 
3cm 

(b) Because the cubes are in parallel, LT =I1Q, +L) = 962 W +569 W 
their total thermal currents are —~|1.53kw 
additive: 
(c) Use the relationship between the R = AT 7 373K — 293K 
thermal current, temperature ~ 2 1.53kW 
differential and thermal resistance to —~|0.0523K/W 


find Reg: 


42 
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Picture the Problem The cost of operating the air conditioner is proportional to the 
energy used in its operation. We can use the definition of the COP to relate the rate at 
which the air conditioner removes heat from the house to rate at which it must do work 
to maintain a constant temperature differential between the interior and the exterior of the 
house. To obtain an expression for the minimum rate at which the air conditioner must do 
work, we’ll assume that it is operating with the maximum efficiency possible. Doing so 
will allow us to derive an expression for the rate at which energy is used by the air 
conditioner that we can integrate to obtain the energy (and hence the cost of operation) 


required. 


Relate the cost C of air conditioning 
the energy W required to operate the 
air conditioner: 


Express the rate dO/dt at which heat 
flows into a house provided the 
house is maintained at a constant 
temperature: 


Use the definition of the COP to 
relate the rate at which the air 
conditioner must remove heat dW/dt 
to maintain a constant temperature: 


Solve for dW/dt: 


Express the maximum value of the 
COP: 


Letting COP = COP max, substitute to 
obtain an expression for the 
minimum rate at which the air 
conditioner must do work in order to 
maintain a constant temperature: 


Substitute for dQ/dt to obtain: 


Separate variables and integrate this 
equation to obtain: 


C=uW (1) 


where u is the unit cost of the energy. 


p=22 _ par 
dt 


where AT is the temperature difference 
between the interior and exterior of the 
house. 


Cop = dQ/dt 
dW /dt 


aw ja 22/4 
COP 


COP... = ie 
AT 


where 7, is the temperature of the cold 
reservoir. 


AW _ dO|dt ny 
dt‘. 

dw _ KAT ar _ k (ary 
a 
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Substitute in equation (1) to obtain: 
_ C=u “(aryar oc] (AT)? 


c 
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Picture the Problem We can follow the step-by-step instructions given in the problem 
statement to obtain the differential equation describing the variation of T with r. 
Integrating this equation will yield an equation that we can solve for the current J. 


Conservation of energy requires that thermal current through each 
a 

shell be the same. 
(b) Express the thermal euurenit I ena aT | _ ieee aT 
through such a shell element in dr dr 


terms of the area A = 4zrr’, the 


where the minus sign is a consequence of 


thickness dr, and the temperature the heat current being opposite the 


difference dT across the element: temperature gradient. 


(c) Separate the variables: dT =~ I dr 
4rk r? 
Integrate from r =r, to r = 12: 2 % 
g r=ry r=fr2 {ar a I aa 
7 Ark ar 
and 
LVN 7.40 4 
T-f = -| =) 
Anktr|, 4Aak\y 1 
Solve for J to obtain: fx An kr, (r, 7 r) 
Hah 
(d) When r2 — 7, << ri: 1,*%=r 
Let 7. — r, = Ar and substitute to obtain: spas sek (r, 2 r) al ee ar 
r r 


which is Equation 20-7. 
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Picture the Problem We can use the expression for the thermal current to express the 
thickness of the walls in terms of the thermal conductivity of copper, the area of the walls, 
and the temperature difference between the inner and outer surfaces. Letting AA/Ax' 
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represent the area per unit length of the pipe and Z its length, we can eliminate the surface 
area and solve for and evaluate L. 


Write the expression for the thermal om AT 
current: 
Solve for A: de IAx 
kKAT 
Express the total surface area of the hm AA 
pipe: sa 
Substitute for A and solve for L to IAx 
obtain: | eee 
AA/Ax' 
Substitute numerical values and (3 Gw)(4 x10° m) 
evaluate L: (401W/m-K)(873K — 498K) 


0.12m 


=| 665m 
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Picture the Problem Consider an element with a cylindrical area of length ZL, radius 7, 
and thickness dr. We can relate the heat current through this element to the conductivity 
of the walls of the pipe, its length and radius, and the temperature gradient across the 
wall. We can separate the variables in the resulting differential equation and integrate to 
find the rate of heat transfer. 


(a) Express the heat current through T=-kA “ ehh = 
r r 


where the minus sign is a consequence of 


the cylindrical element: 


the heat current being opposite the 
temperature gradient. 


Separate the variables: 7 vf dr 
2zkL r 

Integrate from r = 7, to r = rz and ” Il ‘?dr 

T=T, to T= Ty: J a ee 
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Solve for J to obtain: v= ee) 
In(y,/75) 


Remarks: If we use the above result in Problem 44 (take 0.12 m’ to be the outside 
area per unit length of the pipe), then r; = 1.91 cm and r2 = 1.51 cm. Solving for L one 


obtains 746 m. 


Radiation 


46 ° 
Picture the Problem We can apply Wein’s displacement law to find the wavelength at 
which the power is a maximum. 


Use Wein’s displacement law to Go 2.898mm -K 
relate the wavelength at which the _ T 
power is a maximum to the surface 

temperature of the skin: 


i i 2. -K 
Substitute numerical values and ii 38 898mm 647 im 
evaluate Amax! 273K 4+33K 
47 e 


Picture the Problem We can apply the Stefan-Boltzmann law to find the net power 
radiated by the wires of its heater to the room. 


Relate the net power radiated to the Pa = eoA(T *_T, a 
surface area of the heating wires, their 
temperature, and the room 


temperature: 


Solve for A: A fs 
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Substitute numerical values and evaluate A: 


1kw 
A= =| 9.35x10° m? 
(1)(6.6703x10-* Wim? -K*)|(1173K)* —(293K)'] = 


48 
Picture the Problem The rate at which the sphere absorbs radiant energy is given by 
dQ/dt = mcdT / dt and, from the Stephan-Boltzmann law, P.., = eoA(T 4 _T. 2), where 


net 
A is the surface area of the sphere, 7 is its temperature, and 7 is the temperature of the 
walls. We can solve the first equation for d7/dt and substitute Py for dO/dt in order to 
find the rate at which the temperature of the sphere changes. 


Relate the rate at which the sphere _dQ ie aT 
absorbs radiant energy to the rate at dt dt 
which its temperature changes: 


Solve for d7/dt: AT Pow Fe Poet 


dt mc pVc 4zr°pc 


Apply the Stefan-Boltzmann law to Pa = eoA(T yb *) 
relate the net power radiated to the sees o(T* 2 i 
sphere to the difference in 

temperature of the walls and the 


blackened copper sphere: 


Substitute to obtain: dT _ Anreo(T *-T, o) 
dt 4arpe 
_ 3e0(T* -T*) 
7 rpc 


Substitute numerical values and evaluate d7/dt: 


=| 2.24x107° K/s 


dT _ 3(1)(5.6703x10° Wim? K*) (293K) - (273K) 
di (4x10 m)[8.93x10° kg/m? )(0.386 kI/kg - K) 


49 
Picture the Problem We can apply the Stephan-Boltzmann law to express the net power 
radiated by the incandescent lamp to its surroundings. 
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Express the rate at which energy is 
radiated to the surroundings: 


Evaluate (7, if y : 


Substitute to obtain: 


Solve for 7: 


Express the temperature 7 ‘when the 
electric power input is doubled: 


Divide the second of these equations 
by the first: 


Solve for 7'’: 


Substitute numerical values and 
evaluate 7’ 
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= eoA(T* -T;') 
4 
= catr1-(5) | 
T 


4 4 
a EL rer 
T 1573K 


and, because this ratio is so small, we can 


P. 


net 


neglect the temperature of the surroundings. 


P.. ~eoAT* 


net 


1/4 
r-(2) 
eoA 


1/4 
T' _ (2 ) 
eoA 


Parr 


T' = (2)*(1573K) =1871K 
=| 1598°C 


Picture the Problem We can differentiate O = mL, where L is the latent heat of boiling 


for helium, with respect to time to obtain an expression for the rate at which the helium 


boils away. 


Express the rate at which the helium 
boils away in terms of the rate at 
which its container absorbs radiant 
energy: 


dm _ Pe _ eoAT*-T,') 
dt L L 
_eond?(r*-T;) 
L 
_eond® rly vi : 
L T 
_ cond” rs 


L 
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Substitute numerical values and evaluate dm/dt: 


dm _ (1)(5.6703x10° Wim?-K*)z(0.3m)’ (77)! = 2.68107 KB, 3600s 


~ 
~ 


dt 21kJ/kg 5 
= 9.66x107 kg/h =| 96.6g/h 


General Problems 
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Picture the Problem The distance by which the tape clears the ground equals 
the change in the radius of the circle formed by the tape placed around the 
earth at the equator. 


Express the change in the radius of AR = Ra&AT 

the circle defined by the steel tape: where R is the radius of the earth, wis the 
coefficient of linear expansion of steel, and 
AT is the increase in temperature. 


Substitute numerical values and AR= (6.37 x10° m)(11x 10° K*)(30 K) 
evaluate AR. -=?.10x 10° m 


- [20%] 
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Picture the Problem We can differentiate the definition of the density of an isotropic 
material with respect to 7 and use the definition of the coefficient of volume expansion to 
express the rate at which the density of the material changes with respect to temperature. 
Once we have an expression for dp in terms of dT, we can apply a differential 
approximation to obtain Ag in terms of AT. 


Using its definition, relate the _m 
é, a 
density of the material to its mass V 
and volume: 
Using its definition, relate the AV = BVAT 


volume of the material to its 
coefficient of volume expansion: 
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Differentiate o with respect to T and dp _ do dV __m B 
simplify to obtain: dT dV dT ye 
V 
=- 7, BV =-p8 

or 

dp =—ppdT 
Use a differential approximation to Ap =—pBAT 
obtain: 
53 oo 


Picture the Problem We can apply the Stefan-Boltzmann law to express the effective 
temperature of the sun in terms of the total power it radiates. We can, in turn, use the 
intensity of the sun’s radiation in the upper atmosphere 

of the earth to approximate the total power it radiates. 


Apply the Stefan-Boltzmann law to P.=eoAT ° 
relate the energy radiated by the sun 
to its temperature: 


Solve for 7: P. 

T =4 ui 

eoA 

Express the area of the sun: A=4aR; 
Relate the intensity of the sun’s = P 
radiation in the upper atmosphere to 4zR 
the total power radiated by the sun: where R is the earth-sun distance. 
Solve for P;: P.=47 R’] 


Substitute for P, and A and simplify - Ar R?] RI 
. =A4 = 4 
to obtain: eo4Az R: eoR, 


Substitute numerical values and evaluate 7: 


2 
- in (1.5x10''m)’(1.35kW/m?) -[Ha7K] 


67x10 Wim?-K)(6.96x10° m)" 
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Picture the Problem We can solve the thermal-current equation for the R factor 
of the material. 


Use the equation for the thermal a) AT 
current to express / in terms of the Ax 
temperature gradient across the 


insulation: 


Rewrite this expression in terms of _AT AT _ AAT 


{=== = 
the R factor of the material: Ax R, R, 
kA A 
Solve for the R factor: R= AAT — 6Avnesite AT 
f — i. 
I I 


Substitute numerical values and evaluate R: 


wf 2 
6[12in2 520 =| - 
nN : 
R= : (363K —293K)=| 0.390 
100 W W 
2 Oo 2 °, 2) 
-o399 Km’ OF? 10.76f 1054, th _] 5) Fett h 
J 5K m Btu 3600s Btu 
S 
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Picture the Problem Because the temperature of the copper-aluminum interface is 


1541 


(7, + T2)/2, we can conclude that the temperature differences across the two sheets must 


be the same. We also know, because the sheets are in series, that the heat currents 
through them are equal. 


Express the thermal current through fe AT, 

the aluminum sheet: a ae a 

Express the thermal current through id AT, 

the copper sheet: canarias AMXcu 

Equate these currents and solve for AT, AT ou 
: Ky Ay —* = Key Ac — 

Axa: AX g) AXcy 
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Ax,, = Ax. —4b 
Al Cu Kea 
Substitute numerical values and Ag = ( et W/m-K \iqaee 
evaluate Axa): 401W/m-K 


56 
Picture the Problem We can relate the stress in the bar to the strain due to its elongation 
using the definition of Young’s modulus and express the strain 

in terms of the coefficient of linear expansion and the change in temperature 

of the bar. 


Using the definition of Young’s F 

modulus, relate the force exerted by Y- AL 

the bar on each wall to the strain in AL 

the bar due to the change in its L 

length: 

. . 2% AL 

Using the definition of the Ee hy 

coefficient of linear expansion, 

express the strain in the bar: 

Substitute to obtain: ye PF 
QAAT 

Solve for F: F =aAYAT 


Substitute numerical values and evaluate F: 


F = (11x10 K*)2(0.022m)*(200GN/m?)(40K) =| 1.3410°N 


57 oo 
Picture the Problem We can use the definition of the coefficient of volume expansion 
with the ideal-gas law to show that = 1/T. 


(a) Use the definition of the B 1 dV 
coefficient of volume expansion to V aT 
express / in terms of the rate of 

change of the volume with 

temperature: 
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For an ideal gas: Ve nRT and dV _nR 
P ar OP 

Substitute to obtain: pe 1nR_ | 1 

VP T 
(b) Express the ratio of the 7 0.003673K7 lg 
experimental value to the theoretical B exp Ba _ 
value: Bu A. KA 

273 
<| 0.3% 


58 ee 
Picture the Problem We can express L as the difference between Lz and La 
and express these lengths in terms of the coefficients of linear expansion brass 
and steel. Requiring that Z be constant will lead us to the condition that 
Ly/Lp= Op/ a. 


(a) Express the condition that Z does L=L,-L, 
not change when the temperature of = constant 
the materials changes: 


Using the definition of the L=(L,+a@,L,AT)—(L, +a,L,AT) 
coefficient of linear expansion, = ( Ly —-Ly ) + (a, L,-@,L, )AT 
substitute for Lp and La: =f a (a, | re veo )AT 

or 


(QyL, —a,L, AT =0 


The condition that Z remain anLl, -a,L, =0 
constant when the temperature 
changes by AT is: 
Solve for the ratio of L, to Lp: Ly he 
Tg. hx 
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(b) From (a) we have: jimeey ae ay _ Lopes Arras 
B steel 
6 y-l 
= (250 om)? a a 
11x10°K 


- [en] 


and 
L=L,—-Ly, =432cm—250cm 


-[162em] 
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Picture the Problem We can apply the thermal-current equation to calculate 
the heat loss of the earth per second due to conduction from its core. We can 
also use the thermal-current equation to find the power per unit area radiated 
from the earth and compare this quantity to the solar constant. 


Express the heat loss of the earth per ie dQ =_s Ar (1) 
unit time as a function of the thermal dt Ax 
conductivity of the earth and its or 
temperature gradient: dQ = AnR?k AT 
dt 


Substitute numerical values and evaluate dO/dt: 


42 ~_ 4n(6.37x10° m)’(0.74J/m-s-K) AC) =[1.26x10 kW 
dt 30m 


Rewrite equation (1) to express the I AT 
thermal current per unit area: 


Substitute numerical values and I 7 0.74)/m-s- K) 1C° 
evaluate //A: A 30m 

= 0.0247 W/m? 
Express the ratio of //A to the solar I/A _ 0.0247 W/m? 
constant: solarconstant 1.35kW/m? 


<[ 0.00236 
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60 
Picture the Problem We can find the temperature of the outside of the copper bottom by 
finding the temperature difference between the outside of the saucepan and the boiling 
water. This temperature difference is related to the rate at which the water is evaporating 
through the thermal-current equation. 


Express the temperature outside the y ree Me el 
pan in terms of the temperature =373K+AT 
inside the pan: 


the bottom of the saucepan to its At Ax 
thermal conductivity, area, and the 


Relate the thermal current through AQ =p4 AT 


temperature gradient between its 


surfaces: 
1A 
Solve for AT: AT = 140 ,, 
kA At 
Because the water is boiling: AQ =mL, 
Substitute to obtain: AT = mL Ax 
kAAt 


Substitute numerical values and evaluate AT: 


(0.8kg)(2.26MJ/kg)(3x10~ m) 


AT = =1.28K 
(401 W/m. K)} $(0.15m (600s) 
Substitute numerical values and Ty, = 373K 4+1.28K = 374.3K 
evaluate Loui =] 101.3°C 


*G1 ee 
Picture the Problem We’ll do this problem twice. First, we’ll approximate the answer 
by disregarding the fact that the surrounding insulation is cylindrical. In the second 
solution, we’ll obtain the exact answer by taking into account the cylindrical insulation 
surrounding the side of the tank. In both cases, the power required to maintain the 
temperature of the water in the tank is equal to the rate at which thermal energy is 
conducted through the insulation. 
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1* solution: 


Using the thermal current equation, 
relate the rate at which energy is 
transmitted through the insulation to 
the temperature gradient, thermal 
conductivity of the insulation, and 
the area of the insulation/tank: 


Letting d represent the inside 
diameter of the tank and L its inside 
height, express and evaluate its 
surface area: 


Substitute numerical values and 


evaluate /: 


2" solution: 


Express the total heat loss as the 
sum of the losses through the top 
and bottom and the side of the hot- 
water tank: 


Express / through the top and 
bottom surfaces: 


Substitute numerical values and 


evaluate /, top and bottom: 


Letting rv represent the inside radius 
of the tank, express the heat current 


r=k4ne 
Ax 
A = Agac + Ake 
2 
=nau+o{ 22) 
4 
=x (dL +4’) 


= 2|(0.55m)(1.2m)++(0.55m)'] 
= 2.55m* 


I = (0.035 Wim: K)(2s5m} 


- [aw] 


74K 
0.05m 


l=1 +1 


top and bottom side 


AT 
ds and bottom = a 2) 


bade 


=17(0.55m) 
,_ (0.035 W/m-K)(74K) 
0.05m 


vf 


top and bottom 


= 24.6W 


toae= gee =-27 ie 
dr dr 


through the cylindrical side: 


Separate the variables: 


Integrate from r =r, to r = rz and 
T=T,to T= Th»: 


Solve for J.ige to obtain: 


Substitute numerical values and 
evaluate Jide: 


Substitute for /,iqe and evaluate J: 


62 ecco 
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where the minus sign is a consequence of 
the heat current being opposite the 
temperature gradient. 


_ 2(0.035 W/m: K)(1.2m) 
me [osm 
| 
0.275m 


=117W 


I =24.6W +117W =| 142W 


(74K) 


Picture the Problem We can use R = A7/I and J = —kAdT/dt to express dT in terms of the 
linearly increasing diameter of the rod. Integrating this expression will allow us to find AT 


and, hence, R. 


Express the thermal resistance of the 
rod in terms of the thermal current in 
it: 


Relate the thermal current in the rod 
to its thermal conductivity k, cross- 
sectional area A, and temperature 
gradient: 


ee 

dx 
where the minus sign is a consequence of 
the heat current being opposite the 


temperature gradient. 
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Using the dependence of the a d* 


diameter of the rod on x, express the 4 
area of the rod: 


i in: T 
Substitute to obtain Pa K| #4 as) | dT 
4 dx 
Separate variables to obtain: dT = Idx 
| di, (1+ as) | 
Al dx 


kd? (+x) 


Integrate T from 7, to Ty and x from far Al j dx 
0 to L: i akd> 4 (1t+.ax) 

and 

T, -T,=AT = a 

a kd; (1+aL) 
Substitute for AT and / in equation AIL 
(1) and simplify to obtain: R= a kd> (1+ aL) _ AL 
I akd,(1+aL) 
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Picture the Problem Let AT = 7, — T;. We can apply Newton’s 2™ law to establish the 
relationship between Z2 and L1 and angular momentum conservation to relate @ and @. 
We can express both £, and £, in terms of their angular momenta and rotational inertias 
and take their ratio to establish their relationship. 


AL _ _ 
Apply by c= re to the spinning Because pS 7=0,AL=0 


and 
disk: 
L,=L, 
Apply conservation of angular I,@, = 1,0, 
momentum to relate the angular and 
velocity of the disk at 7> to the i 
QO, =—O, 


angular velocity at 7): I 


Express J: 


Substitute and apply the binomial 
expansion formula to obtain: 


Express E> in terms of L, and J): 


Express £, in terms of Z; and /;: 


Express the ratio of £2 to £\: 


Solve for E> and substitute for the 
ratio of J, to Lb: 


64 ecco 
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i, =n, = mr, (1+ a@ATY 
= 1+ 2aAT + (ary) 
~ I,(1+ 2aAT) 


because (@AT)’ is small compared to @AT. 


Lh, 
1,(1+2aAT) * 


and, because 2@AT << 1, 


@, =| (1-2aAT a, 


Q, 


because Ly = 1}. 


21, 


Picture the Problem The amount of heat radiated by the earth must equal the solar flux 
from the sun, or else the temperature on earth would continually increase. The emissivity 
of the earth is related to the rate at which it radiates energy into space by the Stefan- 


Boltzmann law P. = eoAT". 


Using the Stefan-Boltzmann law, 
express the rate at which the earth 
radiates energy as a function of its 
emissivity e and temperature T: 


Use its definition to express the 
intensity of the radiation P, 
absorbed by the earth: 


For 70% absorption of the sun’s 
radiation incident on the earth: 


P.=eo0A'T* 
where 4’ is the surface area of the earth. 


(=P a7 
A 


where A is the cross-sectional area of the 
earth. 


P. =0.7AI 
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Equate P, and P, and simplify: 


Solve for 7 to obtain: 


Substitute numerical values for / and o 


and simplify to obtain: 


A spreadsheet program to evaluate 7 as a function of e is shown below. The formulas 


0.7 AI = e0A'T* 


or 
0.77 R°I = (42 R°oT*) 


0.71 | 


4 Ce" 
V 4oe 


0.7(1370 Wim?) 


used to calculate the quantities in the columns are as follows: 


Cell | Formula/Content | Algebraic Form 
Bl 255 
B4 0.4 e 
B5 B4+0.01 e+0.1 
C4 | $B$1/(B440.25) (255 K)e™ 
A B C 

1 = | 255 K 

2 

3 e T 

4 0.40 321 

) 0.41 319 

6 0.42 BL? 

7 0.43 315 

23 0.59 291 

24 0.60 290 

25 0.61 289 

26 0.62 287 


\4l6.670x10" Wim? - K*Je 
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A graph of 7 as a function of e is shown below. 


325 
320 
315 
310 
S 205 
NM 
300 
295 
290 
285 
0.40 0.45 0.50 0.55 0.60 
e 
Treating e as a variable, differentiate dT 1 
2 _ awl /4 
equation (1) to obtain: ae =a de (2) 
Divide equation (2) by equation (1) 1, 54 
to obtain: aT ries de 1 de 
T° sce" 4e 
Use a differential approximation to AT 1 Ae 
obtain: Tt = Ae 
Solve for Ae: AT 
. Ae =—4e—— 


Substitute numerical values 
(e ~ 0.615 for Jean = 288 K) and 
evaluate Ae: 


65 ooo 


1K 
Ae = ~4(0.615) 7 


or about a 1.39% change in e. 


Picture the Problem We can differentiate the expression for the heat that must be 
removed from water in order to form ice to relate dQ/dt to the rate of ice build-up dm/dt. 


We can apply the thermal-current equation to express the rate at which heat is removed 


from the water to the temperature gradient and solve this equation for dm/dt. In part (b) we 
can separate the variables in the differential equation relating dm/dt and AT and integrate 
to find out how long it takes for a 20-cm layer of ice to be built up. 


(a) Relate the heat that must be 
removed from the water to freeze it 
to its mass and heat of fusion: 


Q=mL, 
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Differentiate this expression with 
respect to time: 


Using the definition of density, 
relate the mass of the ice added to 
the bottom of the layer to its density 
and volume: 

Differentiate with respect to time to 
express the rate of build-up of the 


ice: 


Substitute to obtain: 


Apply the thermal-current equation: 


Equate these expressions and solve 
for dx/dt: 


Substitute numerical values and 
evaluate dx/dt: 


(6) Separate the variables in equation 


(1): 


Integrate x from x; to x; and ¢’ from 
O tot: 


Solve for ¢ to obtain: 


ae 7m 

dt dt 

m= pV = pAx 

dm _ Ae 

dt dt 

dQ dx 

ice Se pea 9 ese 

Fn are 

dQ _ AP 

dt x 

ay eae 

xX 

and 

d. koAT 

SS (1) 
dt Lp x 

dx (0.592 W/m- K)(10K) 
di (333.5kJ/kg)(917kg/m*)(0.01m) 

= 1.94 um/s 
=| 0.698cm/h 
xdx = = dt 
L,p 

[xd = a dt 

X; Lp 0 
and 

1(2 = 2) _ KAT 

pL, 
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Substitute numerical values and evaluate ¢: 


_ (917kg/m’)(333.5kJ/kg) 
~ 2(0.592 W/m-K)(10K) 


-[1134] 


*66 eco 

Picture the Problem We can use the thermal current equation and the definition of heat 
capacity to obtain the differential equation describing the rate at which the temperature of 
the water in the 200-g container is changing. Integrating this equation will 


yieldT = Te "©. Substituting for d7/dt in dO/dt = —CdT/dt and integrating will lead 
toQ =CT,(l-e7**). 


1h r 1d 
3600s 24h 


(0.2 m) _(0.01m)’|= 1.03x10°s x 


(a) Use the thermal current equation 
to express the rate at which heat is > 
conducted from the water at 60°C by 


because the temperature of the second 


the rod: container is maintained at 0°C. 
Using the definition of heat capacity, dO dT 
relate the thermal current to the rate 7 ae = Fa (1) 
at which the temperature of the water 
initially at 60°C is changing: 
Equate these two expressions to aT 1 
oo ‘ C— =-—T,, the differential equation 
obtain: ai R 


describing the rate at which the 
temperature of the water in the 200-g 
container is changing. 


Separate variables to obtain: dT 1 dt 
tT RG 
Integrate dT from 7y to T and dt ? aT’ 


1 | T 1 
from 0 to ¢: |—=-—Ja'= In} — |=-———t 
TRC, T° RC 
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Transform from logarithmic to 
exponential form and solve for 7 to 
obtain: 


(5) Use its definition to express the 
thermal resistance R: 


Substitute numerical values (see 
Table 20-8 for the thermal 
conductivity of copper) and evaluate 
R: 


Use its definition to express the heat 
capacity of the water and the copper 
container: 


Substitute numerical values (see 
Table 18-1 for the specific heats of 
water and copper) and evaluate C: 


Evaluate the product of R and C to 
find the "time constant” 7: 


(c) Solve equation (1) for dQ to obtain: 


Integrate dO’ from Q = 0 to O 
and dT from Ty to T: 


Substitute (equation (2) for 7(¢) to obtain: 


@ 


0.1m 


R = 
(401W/m-K)(1.5x10~“m’) 


1.66 K/W 


C=mec,+m,c, =mc.+ PVC, 


C =(0.2kg)(386kJ/kg -K) 


+ (10? kg/m*)(0.7L)(4.18kJ/kg-K) 


3.00 kJ/K 


t = RC =(1.66K/W)(3.00kJ/K) 


= 4985s =| 1.38h 


dO = 


Q 


| 49 


0 


[Sat =-car 
dt 


be -(car= 0=C(f,-T(t)) 


0=Cc(r,-ne")=[Chh-e*)| 


A spreadsheet program to evaluate Q as a function of t is shown below. The formulas 
used to calculate the quantities in the columns are as follows: 


Cell Formula/Content Algebraic Form 
D1 1.35 r 

D2 60 To 

D3 3000 C 

AG 0 t 

AT A6+0.1 t+ At 

B6 $B$2*EXP(—A6/$B$1) Denn 

C7 | $B$3*$B$2*(1-EXP(-A6/$B$1)) | C7,(1-e7*°) 
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A C D 
1 
2 deg-C 
3 J/K 
4 
5 t (hr) Q Q/1000 
6 0.0 0.00E+00 0 
7 0.1 1.29E+04 13 
8 0.2 2.48E+04 24 
13 0.7 7.28E+04 71 
14 0.8 8.05E+04 79 
15 0.9 8.76E+04 86 
16 1.0 9.42F+04 92 
33 2.7 1.56E+05 152 
34 2.8 1.57E+05 154 
35 2.9 1.59E+05 155 


From the table we can see that the temperature of the container drops to 30°C in a little 


more than | 0.9h. 


If we wanted to know this time to the nearest hundredth of an hour, 


we could change the step size in the spreadsheet program to 0.01 h. A graph of Tas a 
function of ¢ is shown in the following graph. 


T (deg C) 


t (h) 
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A graph of Q as a function of ¢ follows. 


160 


Q (kJ) 
S 


0.0 


is 2.0 2.5 3.0 
t (h) 
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Picture the Problem We can use the Stefan-Boltzmann equation and the definition of 


heat capacity to obtain the differential equation expressing the rate at which the 


temperature of the copper block decreases. We can then approximate the differential 
equation with a difference equation for the purpose of solving for the temperature of the 
block as a function of time using Euler’s method. 


(a) Express the rate at which heat is 


radiated away from the cube: 


Using the definition of heat 


capacity, relate the thermal current 
to the rate at which the temperature 


of the cube is changing: 


Equate these expressions to obtain: 


Approximate the differential 


equation by the difference equation: 


Solve for AT: 


a eoA(T* 27) 


dt 
G2 ge 
dt dt 


AT eoA 
eH 

AT a ae 

or 

Tyg =T, 2 (Tt Ft 


(1) 


Use the definition of heat capacity 
to obtain: 


Substitute numerical values (see 
Figure 13-1 for pc, and Table 19-1 
for Ccy) and evaluate C: 
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C=mc= pvc 


C =(8.93x10° kg/m’ )(10 m’) 
x (0.386 kJ/kg -K) 
=3.45J/K 
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(5) A spreadsheet program to calculate 7 as a function of t using equation (1) is shown 


below. The formulas used to calculate the quantities in the columns are as follows: 


Cell Formula/Content Algebraic Form 
Bl 5.67x10° o 
B2 6.00x10* A 
B3 3.45 C 
B4 273 i; 
BS 10 At 
AQ A8+$B$5 ttAt 
B9 | B8-($B$1*$B$2/$B$3) ec ( ; ‘) 
*(B8M4-$BS4\4)*$B85 | En — Gn Zo JAM 
A B C 
1 sigma= | 5.67E—08 W/m/2-K4 
2 A= | 6.00E—04 m2 
3 C= | 3.45 JK 
4 TO= | 273 K 
5 dt= | 10 Ss 
6 
Zp t (s) T (K) 
8 0 573.00 
9 10 562.92 
10 20 553.56 
11 30 544.85 
248 2400 288.22 
249 2410 288.08 
250 2420 287.95 
251 2430 287.82 
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From the spreadsheet solution, the time to cool to 15°C (288 K) is about 2420 s or 
40.5min. | A graph of 7 as a function of t follows. 
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